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Base, Ohio.

Th l technical report has been revie ied and is approved.

ZýJAMES L. DICK
Colonel, USAF
Director

S,



TABLE OF CONTENTS - VOLUME I

SESSION I

1-1A1E•iALS RESEARCH, DEVELOPMENT, TESTING AND EVALUATION (PART I)

Pper No. Page

. Antenna Windows for Hxpersonic •atd Reýztr,' Vehirntle

B. Poulin, R. J. McHeliry and A. J. Patrick, Jr .................

2. Ballistic Impact Jesistance of Silica Radomesi Richard D.
Rocke, Louis E. Gates, Jr. and Charles Bahun.. ............... .... 15

3. Single Impact Studies of Rain Erosion Mechanisms, A. A. Fyail . . . . 55

SESSION II

MATERIALS RESEARCH, D7VELOPMENT, TFPTING Af1D EVALUATION (PART II)

1. Electrical Design of the C5A Nose Radome; Arthur J. Thompson. ..... 75

2. Missile Radome Protective Covers, David Beeler, Robert Eastridge,
Robert Copeland and Vance Chase .......... ................... ... 97

3. Dual Mode Radome Materials Research, S. C. Colburn and
R. A. Miller ..................... ......................... ... 109

4. Fiber Reinforced Ceramic Electromagnetic Windows,
J. J. Krochmal ..................... ............................ 141

5. A Thermal Analysis of an Ablating Electromagnetic Window,
Richard C. Bugge-in ............. .......................... ... 171

6. Phosphate Nucleated Glass Ceramic Radomes, P. W. McMillan,
G. Partridge, A. Bennett and J. R. Brown ..... ............... . 183

7. techanical Behavior of Ceramicst J. D. Walton ..... ............ ... 195

PAPERS NOT PRESETED

1. Preision Measurement of Radome Performance; B. Rolsma ........... ... 213

2. Development of the Radome for the Concorde Prototype
Aircraft, G. F. Meades and S. Powis . ....... ................... 210

21I



"*1

TAB' OF CONTENTS - VOUIE I (Continued)

PAPERS NOT PRESENTED

3. X-Band Dielectric Constant of Slip Cast Fused Silica,
B. Fellows .............. ................................ 229

5. Development of High-Purity Silica Radome Structures,
J. N. Harris and S. H. Bomar, Jr ...... .......... .. ..... 255

APPENDTX I TatLc of Conteits - Volume II ..... .............. ... 271

Table of Contents - Volume III . . . . . ..... . 273

Table of Contents - Volume IV ............... 275

APPDIX II Author Index ........... ....................... ... 277

APPENDIX III List of Attendees ... .......... .......... 279
279



ANTENNA WINDOWS kUR HYPER;:\TQC AND REENTRY VEHICLES

B. Poulin
R. J. McHenry

A. J. Patrick, Jr.
Avco Space Systems Division

Lowell, Massachusetts 01851

A3bi iuvL

Hypersonic and reentry vehicles require the use of a heat shield to
protect the basic missile structure 2n,! -'-ponents from the aerodynamic
h.ating developed during flight. The use of rador for guidance and fusing
req'Aires that a portion of the heat shield be electrically transparent
during missile operation. This requirement has forced the development of
a new class of antenna window materials.

The current materials which were available for radome use and the
Sbasic heat shield materisd vs unm - .ptable for antenna window use
becat.se of high electrical losses duo to charring of the ablator in the
case of organic materials ane poor shock properties and ablation com-
patibility with the surrounding heat shield material in the case of
-eramics. The materials which were needed were non-charring, good
ablators which were compatible withi available heat shield materials.
Because of the large number of missions possible for missiles (hyper-
sonic to reentry) several materials had to be developed to meet the
different heat protection requirements.

This pap3r will discuss in detail the specific requirements, from
an electrical and ablation standpoint, for antenna windows for hypersonic
and reentry vehicles. In addition to defining the requirements, the dif-
ferent materials developed by Avco for hypersonic and reentry vehicles
will also be discussed. Electrical transmission and ablation data for
the materials discussed will be presented.

INTRODUCTION

Hypersonic and reentry vehicles require the use of a heat shield to
protect the basic missile structure and components from the aerodynamic
heating developed during flight. The use of radar for guidance and fusing
requires that a portion of tne heat shield be electrically transparent
during missile operation. Currently, there are two classes of materials
which can meet this requirement: high temperature ceramics and ablative
composite materials. High temperature ceramics such as alumina have
several limitations including poor thermal shock resistance, poor ablation
performance if heated beyond their melting point and the handling and
design properties inherent in a ceramic. For these reasons, ceramics other
than silica-based materials have found limited use as antenna windows.



Althcugh silica still possesses the mechanical limitations of ceramics,
"o ther-ral shock characteristics are better than those of other ceramics
because of its low coe"ficient of thermal expansion. Silica ablation
performance is ýuperior because its melt has a very high viscosity and
is therefore not removed under most aerodynamic shear conditions.

The second class of antenla u:indow materials is comprised of
various ablative plastics and plastic composites. The ablative material
must be czmpatible in ablation with the surrounding heat shield and stil.•
rerain electrically transparent. Normal ablative heat shield materials
form a carbonaceous char during ablation ad are therefore not electrically

This paper discusses in detail the specific electrical and thermal.
requirements for ablative antenna windows for hypersonic and reentry
vehicles. In addition to defining these requirements, the properties
off various watr�r�' developed by Avco for hypersonic and reentry
vehicles are also discussed.

ELECTRICAL REQUIR-PHENTS

in the electriuca design of a non-ablative antenna window, the
properties of dielectric constant and loss tangent are conventionally
considered. In particular, it is required that the loss tangent remain
low over the operating temperature limits and that the diel=t" 4 ."! remain
relatively constant with temperature. In the design of an ablative
antenna ".-idow, additional factors must be considered becausa of the
change in the physical nature and dimensicns of the ablated material.

The absolute magnitud3 as well as the temperature insensitivity
of the dielectric constant is important in the design of a half wave
abletive window. That is, there is a premium in having the dielectric
constant as low as possible because of the antenna window thickness
change due to ablation. As the window ablates, the front surface
regresses and the overall thickness of the window decreases. This
thickness change has an effect on transmission due to the change of
thickness from the ideal half wave design. With low dielectric materials
the change in transmission is less pronounced for a given thickness
change than for a higher dielectric constant material.

The charring characteristic of the ablative antenna window is very
important from a transmission standpoint. Standard heat shield materials
depend on the formation of a carbonaceous char to obtain their excellent
ablation properties. This char is very conductive and '1ould reduce a
transmitted signal below tolerable antenna window limits. In the develop-
ment of ablative composite antenna windows, the elimination of char or
the prevention of char formation while maintaining adequate ablation per-
for•ance is the mainproblem &rea. The specific areas of effort in the
reductior, of char will be covered in the discussion of each of the
individwll material covered by this paper.



A not3 should be Dmde as to how the electrical performance of the
antenna window materials under ablation condi+.lons can be determined.
The antenna window materie-l is mounted in a wrater cooled copper frame
and a tranamltting hori. is piaced in back of the antemna window. A
transmisuion chack is made before ablation. Aftur this check, a plasma
arc is used to ablate the sample. it is imp ossible to =ake a meaningful
transmission measurement during actual ablatizn becaist, of the etFi'1!
characteristics of the plasma but a measure-ient is made inediately aftur
the arc is shut off. Tids rcpreaents tha tranu.ilzý ocn.Y...9 at
temperatures reached during ablation and in most cases is pro '-ly a
good arproximation of performance under actual ablation condi S.

ABLATIVE REQUIRDiENTS

The basic ablation requirement for the antenna window is mnýI -. iice
of low back face temperature during flight. This can be therMndy:.-ically
achieved by several routes depending on the particular requiLre= nts of
the vehicle. For a short time-high velocity vehicle m:ch as a high per-
formance reentry body, the surface tempeý,ature of the ablative surface
is extremely high and a significant thiclmess of material is re-oved
through ablttion. Since the flight time is short, relatively little
unablated material is required to limit "Ih3 amount of h14at transferred
to the structure through thermal conduction. It has been roted before
that current ntat shield material forms a conductive char. The function
of this high temperature char is two-.fold: to reduce the net heating to
the material through reradiation and to prevent mechanical erosion of
the heat sLield. In an antenna winrltw, the u~e of a carbonaceous char
is eliminated because of its effect on the transmission properties;
however, a silica residue can perform to some extent the same function
without excessive electrical loss. In the dc.velopment of antenna windows
for reentry vehicles, the effort was directed toward developing a matrix
which would not char -under ablation conditions for use with a silica
reinforcement in a plastic composite.

In certain non-reentry hypersonic vehicles or in a lower perform-nce
blunt reentry vehicle such as Apollo, the ablative conditions are some-
what reduced in heat flux but the flignt times have inareaszd so that the
total integrated heating is still large. This means thfmt the abla•-ive
material must have a low thermal conductivity to prevent heat transfer
during the long flight time. As was noted for the reentry vehicle
material, the formation of some type of non-caroonaceous -residue is
necessary to limit the amount of mate21ial removal.

In other oi-personic, non-reentry vehicles, the total ranre and
hence 'heating times 'ire much shorter although the velocity, heat flux
and aerodynrmic shear forces may be higher. Since the total integrated
heating is low, less efficient ablators can be used without excessive
mass loss. Such a'lators often ablate without forming a char (e.g.,
T~flon) and hence have a low surface temperature with resultant rela-
tivelv low ablation efficiency. Since the shear forces are often so
high that a char woui.d be removed by mechanical e-eison without having



porformed its function, such a noncharring ablator mas actually be more
ef.ZIciant than a "ormally charring ablator which has its c.har removed by
shear. The low surface tomperature also reduces the driving force for
conduction and permits, for these short times, the use of thin coatings

*1of relatively high thermal conductivity materials such as Teflon.

titA second aspect of the problem of an ablative antenna window is
that of ablation compatibility with the surrounding heat shield material.
If the window ablates faster or slower than the heat shield, turbulence
will be set up around the window causing an accelerated erosion of the
faster ablating material. This aspect of the problem can be investigated
by use of t, plasma arc to determine the ablative performance of various
materials under turbulent and laminar flow conditions. Figures 1 and 2
give a comparison of the ablation performance of a Teflon quartz antenna
window with a typiual reentry body heat shield material. The heat shield
material is a silica fabric-phenolic resin tapewrapped composite. This
material is a char former. Figure 1 gives the ablation performance under
laminar conditions and Figure 2 gives the performance under turbulent
conditions. From these data, it would be predicted that the two materials
woulJ be fairly compatible. Figure 3 ir i picture of a specimen in which
a Teflon quartz window material was inserted into a silica phanolic heat
shield material and ablated under turbulent conditions. This sample shows
very little difference in erosion, perhaps less than would have been pre-
dicted based on Figure 2. As % comparison, Figure 4 shows the effect of
ablation incompatibility on silica phenolic into which a boron nitride
window material was inserted. The boron nitride has an ablation rate
much lower than the silica phenolic which caused turbulence to be creeted
around the window and ablated the silica phenolic faster Ctan normal

I arouud the window. The boron nitride window sheared off toward the end of
the test =nd hence appears to be at the same level as the silica phenolic.
In reality, the window actually protruded above the silica phenolic
throughout most of the run.

In summary, the ablation requirement is to maintain a required
backface temperature with a material which is a non-char former and
which is compatible in ablation with the surrounding heat shield material.

DEVELOPED A.ENNA WINDOW MATERIJUS

1. Antenna Windows for Reentry Vehicles

In the development of ablative antenna windows for reentry vehicles,
two poosible paths were open: to develop a material which inherently
does not char under ablation conditions or to develop some method for
eliminating the char in a noxialljy char-forming material. Avco's first
attempt involved the fabrication of a Teflon quartz composite since
Teflon was not known as a char former upon thermal degradation. The
basic electrical properties of the composite is sho-4n in Table II. Ho+.
transmission tests were conducted as described previously. Visual ob-
servation cf the sample indicated that the initial degradation product

I4
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Figure 1
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of Teflon umderwent further reaction as it passed over the very hot
silica fibers to form a slight carbon layer to deposit on the fibers.
The results shown in Table III indicated that the Teflon did indeed char
and this had a pronounced effect on the electrical properties. In order
to remove the char, an oxidizing additive was added to the Teflon quartz
during composite £qbrication. The initial amount of additive added was
small but had a pronmunced effect on the amount of char present. Table
III indicates that the loss was reduced from 7.5 db to 1.5 db. The
sample had changed colcr from black to light gray. A second sample with
7% additive was made and ablated and the char was white. No electrical
transmission tests were made of the second sample. It was concluded,
however, that the char could be eliminated and satisfactory transmission
achieved with T6flon quartz with an oxidizing additive.

A second approach to the development of a reentry antenna window
was to use a material which has as many oxygen atCms as carbon atoms in
the structure. One such material is a polyformaldehyde resin (Celcon)
which has the following structure:

H H

C -0 0 -C-O-
I t

H H

There is one oxygen atom for each carbon atom and when this material
degrades, it first forms formaldehyde and then carbon monoxide and
hydrogen. The temperatures of the antenna windows under ablation favors
the formation of the 00 and H2 and there is no apparent tendency to form
a char. Tables1I and III give the electrical properties and performance
of the polyformaldehyde-quartz antenna window material. From the results,
it was concluded that the material did not char and would be acceptable
for use as an antenna window material. Table I gives the mechanical and
thermal properties of the Teflon-quartz and polyformaldebyde quartz
antenna window materials. As indicated earlier in Figures 1 and 2,
Teflon quartz and polyformaldehyde quartz are compatible with the heat
shield materials.

2. Antenna Windows for Hvnersoric Vehicles

As was indicated in the ablative requirements section, there are two
types of materials, either of which might be required depending on the
specific environment. The first is a low density material. Avco has
developed such a material (480-IB) for use in low shear-long time environ-
ments. This material has not shown a conductive char under the ablation
conditions for which it is normally considered. The basic electrical
properties are shown in Table I. No electrical transmission tests have
been made but it is expected to be low loss during ablation. The example
in the ablative requirements section demorstrates the value of a low
thermal conductivity ablator.

9



TALE I

MECHLNICAL AND PHYSICAL PROPEKR"M OF
TZ7WN QUARTZ AND CEMON QUARTZ

Tensile Strength, psi Tefnon Quartz Calcon Quartz

-P.op. Limit 6,000 6,580
Yield Stxless 22,000 23,975
Ultimate Stres 30, 030 37,200
Modulus m 1 0P 3.02 2.52
% Total Strain 2.23 2.23

Compressive Strength, psi 3,380 9,200

Core Shear, psi

Interlaminar 950 2,200
Warp/Fill 10,800 17,400

Coefficient of Thermal Expansion

Perpendicular (in/in-OF) 5.2 x I0-5  7 x 10-5
Parallel (in/in-OF) 2.4 x 10"6 2x 10-6

Density (gm/c 3 )

(60/40 composite) 2.2 1.88

10
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For short time applications, such materials as Teflon and certain
epoxy-urethane materials are available. These materials degrade at a
relatively low temperature and do not form a char. Their main drawback
is the amount of material needed to provide the thermal protection to
the substrate. Avco has developed an epoxy-urethane material (8021)
which does not char and provides adequate thermal protection. This
material was developed to replace Teflon. This replacement was desired
because of the difficulty in working with Teflon. 8021 is a castable
material and easily applied to irregular shapee. The electrical prop-
erties of 8021 are shown in TablesII and III. In Table II, no actual
data are available but 8021 has the same chemistry of degradation as
does AVOOAT II on which data are available. Therefore, AVOOAT II data
are presented in Table III. The ablated samples of 8021 do not show a
char and remain transparent after ablation. The physical and mechanical
properties of 480-1B and 8021 are presented in Table IV. .Neither of
these materials has an ablation compatibility problem since the whole
vehicle can be coated with the material to provide the basic heat shield.
In fact, the materials were originally developed as heat shield materials
and are superior in ablation performance to other heat shield materials
currently considered for such environments.

Materials Selection

In the selection of an antenna window material, several factors
have to be considered including apeed, flight time and operating fre-
quency. It should be pointed out that some materials will be acceptable
at one frequency and not at others. One example is Teflon quartz. The
m..,terial forms a carbonaceous char. At the lower frequencies, this char
does not greatly affect transmission because the char is very thin com-
pared to a wavelength. As the frequency increases, the losses become
too large and an oxidizing additive must be added. This effect can be
seen in Table III.

The final selection of the materiel must include the thermal
environment, shear loads, transmission performance and the desired
flight time. Knowing these, the various materials available can be
reviewed and the proper antenna window material selected.

SUMMARY

The wide range of missile applications has required the development
of many missiles with many flight profiles. This has required the develop-
ment of thermal protection e. stems for a wide range of applications.
Accompanying this development has been the development of a number of
antenna window materials which are compatible with the thermal protection
systems. Knowing the requirements of a given system, a suitable thermal
protection system and antenna window material can be selected.

"13



TAELE IV

MECHANICAL AND PHYSICAL PROPERTIES OF
480-lB AND 8021

Tensile Strength, psi 480-lB 8021

"-150OF 338 15,600750F 152 2,940
400°F 131 300

Elastic Modulus (psi x 10-6)

-150 0 F .019 .5275°F .0083 .01

Thermal Conductivity

Btu/hr-ft-°F .053 .1

Specific Heat

Btu/lb.-OF .275 .41

Density (gm/cm3 ) .28 1.1

14



BALLISTIC IMPACT RESISTANCE OF SILICA RADOMES

Richard D. Rocke Louis E. Gates, Jr. and
Antenna Department and Charles J. Bahun
Hughes Aircraft Company Materials Tcchnology Department
Fullerton, Callfornia 92634 Hughes Airciaft Company

Culver City, California 90230
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ABSTRACT

This work represe-its an effort to identify the scriousness of debris
impact on ceramic radomes. lesting methods, results and data analysis are
presented for determination of fracture behavior of one foot square by 0. 7
inch thick silica plates under impact of ceramic projectilce simulating im-
pact of high velocity rock debris. Nominal projectile oizes wereoneandthree
millimeter diameter rods and one, two, five and ten centimeter diameter
spheres. Nominal velocities attained were between 100 and 3200 ft/sec for
the smaller projectiles and between 60 and 170 ft/sec for the largest projec-
tiles. Imioct tests were conducted fnr single and multiple particle impacts.
Plate damag c varied from surface erosion to total destruction. Correlation
with results obtained by other investigators on wave mechanics and impact
phenomena is discus3ed.
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1.0 INTRODUCTION

One of the primary uncertainties with respect to the effects of the nuclear environ-
ment on hardened radars is the potential erosion and cracking of the radome or

thermal chield through impact of debris ejected by explosions in the vicinity of the
earth's surface. Surveys of dat. on impact phenomenology indicate little evidence
of applicable experimentation to enable an analysis of radome damage due to Im-
piazing debria.

Hertz (1) was one of the first to form a theory of impact and the French (2) as early
as 1884 investigated and performed tests on the penetration of spherical cannon
balls into masonry walls and ship hulls. In the early 1940's many experiments
were conducted by Division 2 of the National Defense Research Committee (3) on
the penetration of concrete by bombs and metal projectiles. The emphasis in this
work was to substantiate relationships for predicting the projectile penetration,
perforation, and back face scabbing for concrete slabs. In addition, Tolch and
Bushkovitch (4) have conducted extensive penetration and cratering tests on gran-
ite, diabase, quartzite, oolitic limeatone, and sandstone.

Further background into the mechanics of penetration and impact can be gained
from two ot~ier extensive fields of endeavor, i.e., hypervelocity impact and rain
erosion. A comprehensive survey of hypervelocity impact information has been
compiled by Hermann and Jones (5). Others who have contributed in this area are
Kornhauser (6), Huth, 7iompson and Van ilalkenburg (7), Reinhart (8), and others
(9-13). Supporting the h - othesis of the hypervelocity work is that of Engel (14) and
others (15-16), who have studied the rain erosion behavior of many materials.

Although the reference material !s quite broad and plentiful, all of the p, vious
work mentioned does not really consider :ie case of interest, i.e. a brittle rock-
like projectile impacting a brittle cerami -adome plate. It will bc hown, how-
ever, that the same general forms of rela.i ,nships for depth of penetration versus
velocity of impact, etc., which have evolved from the above referenced work can
be used with high correlation to describe "hese same types of behavior for ejecta.
material impacting a ceramic radome.

As an initial effort to identify the seriousness of the debris impact problem, Hughes
Aircraft Company conducted a Study Task (17) which was sponsored by the Ballis-
tic Systems Division of the Air Force Systems Command and included limited test-
ing of the response of fused sLlica radome material to the impact of particles. This
test program, as reported herein, was to provide data over the spectrum of
particle size and velocities that might be expected from bursts in the vicinity of a
hardened radar. In addition, the test data were analyzed to obtain expressions de-
fining penetration, cratering, and back face spallation as a function of the im-
pact parameters.

16
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2.0 IMPACT TEST PROCEDURES

2.1 TASK OBJECTIVES

The objectives of Ohis program were to provide impact data over .4 spectrum -f
particle sizes and impact velocities and to examine the results for correlation of
descriptive variables. The particle size/density/velocity spectrum employed was
one that could be eauily achieved in the laboratory and is shown in Table 2-I. Slip-
cast fused silica was selected for the sample radome material as it has been chosen
in several preceding programs as a leading radome material because of its superior
thermal and dielectric characteristics. The dielectric constant and loss tangent
factor are substantially insensitive to temperature and frequency variations. Less
important factors were its low cost, ease of fabrication, and ready availability.

The fused silica plates used were one foot square and approximately 3/4 inch thick.
The plate size was chosen from the viewpoint that large radomes would most likely
be constructed in a tile fashion to minimize crack propagation and catastrophic ra-
dome failure from a few high energy impacts. The size chosen may not be the most
optimum for any particular application, but it represents a reasonable size for
laboratory testing and general design usages. In addition to the test radome plates,
backup plates of the same material and same area but two inches in thickness were
used. This was to represent a continuous support of the rlome plates which could
be indicative of plugged radiating element antennas or slab antennas.

TABLE 2-I. DEBRIS IMPACT CONDITIONS

Object Size Diameter Number of Impacts Velocity
cm Per Unit Area ft/sec

2
(impacts/cm2)

0.1 1, 10, 100 100,300, 1000, 2500, 3500
0.3 0.1, 1, 10 100,300,1000,2500

(impacts/ft2 )

1.0 1, 10 100, 300, 1000
2.0 1,5 100,300,1000
5.0 1 100,300

10.0 1 100,300

a4

2-1
.1
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2.2 RADOME PLATE AND PROJECTILE SPECIMENS

Slip cast fused silica* test plates were fabricated by open slip-casting, drying, and
firing to 1210 0 C. A idln heating rate of 300 0 C per hour was used. The plates were
not soaked at maximum temperature in order to keep cristobalite formation in the
silica to a low level. The plates were then ground to a specified thickness with
parallelism tolerances of +0.01 inch and surface finish of 64 rms or better. Den-
sity of the fired material was 1. 04 g/cc consistently. Several plates were made
double or triple thickness to act as heavy backup slabs. Radome test plates were
bonded onto these thick slabs with 3M adhesive Number EC-1300-L,- a strong elas-
tomeric contact adhesive. The plates were coated with graphite to provide photo-
graphic contrast.

To simulate rock-like projectiles, fused silica spheres and quartz rods were'util-
ized. Quartz rods (density 2.6 g/cc) of one and three millimeter diameter were
used to manufacture one and three millimeter projectiles. These were cylindrical
rather than spherical. For the high density shots of one millimefer particles, sand
was screened and weighed. The larger projectiles, 410-caliber balls (approXimat-
Ing one centimeter diameter), 20-mm cannon balls and the 2- and 4-inch mortar
balls (approximating 5 and 10 centimeter diameters, respectively), were made of
slip-cast fused silica by solid casting. Balls were finished round and smooth by
hand in the unfired state, then were fired to 12100 C to full hardness. The foar inch
baills were reground in the fired state in a sphere lapping machine t6 Improve
sphericity and to assure a good fit in the mortar barrel.

2.3 TEST EQUIPMENT AND PROCEDURES

For a sigle impact of one and three millimeter projectiles, a pneumatic launcher
was constructed with interchangeable barrels having the required bores. This
launcher consisted of a six-inch diameter pressure accumulator tank and a fast-
acting electric solenoid valve operated by remote control. Air pressures up to 1500
psi provided 850 ft/s for one mm projectiles and 1200 ft/s for three mm projec-
tiles. Pressure limitation of the system prevented achieving higher velccities.
However, by performing high density multiple impact tests with the shotgun launcher
at higher velocities, it was determined that high velocity single impa-t tests were
not warranted for these small projectiles; I. e., insignificant damage resulted from
high velocity, multiple impacts.

The action of a 410 gauge shotgun was used as the one centimeter projectile
launcher, Figure 2-1. Balls were loaded directly into shotgun shell casings with
a sufficient number of wads to develop the c•hamber pressure necessary for each
velocity test point. Generally, a thicker wad column was used for the higher powder
charges. Velocities in excess of 2500 ft/s were obtained with one centimeter diam-
eter balls. Two test points with shells containing 1000 grains of one mm diameter
qut.rtz sand particles were also obtained with the shotgun launchers at velocities
in excass of 3000 ft/s.

*Made from Teco-sil, fine, Tennesse Electro-Minerals Corp., Decatur, Georgia,

30033.
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A 20 mm smooth bore cannon was used to launch two centimeter diameter pro-
jectiles, Figure 2-2. Powder charges were held in place in 20-mm cartridges with
tightly packed tissue paper wadding, and balls were seated into the cartridges with
several thicknesses of tissue. Wider scattering of velocity points was observed
with this launcher than with the shotgun launcher, but fracture data obtained were
satisfactorily correlated. This spread was undoubtedly caused by a less control-
lable loading procedure with the 20 mm shells.

For 5 and 10 centimeter diameter projectile laurclhers, two mortars were con-
structed, Figures 2-3 and 2-4. After the 1-centimeter tests were concluded, the i
barrel of the 410-gauge shotgun was cut off at a point just forward of the shell
chamber section and threaded externally to fit matching threaded holes in the two
breech blocks. In this way, standard shotgun shells were used to accelerate these
larger projectiles. Tight fitting teflon sabots were machined to fit the bore of each
mortar. Maximum velocities obtained with the mortars were 212 ft/s with the 2-
inch projectile and 137 ft/s with the 4-inch projectile. These velocities totally de-
stroyed the ceramic plates so that higher velocities were not investigated.

For all test shots, ceramic test plates were bolted tightly into a heavy steel angle
framework backed by 3/4-inch thick plywood as shown in the previous figures. The
framework was either set into or clamped onto a massive backing structure (a
permanent fixture at the test site) to provide both good support and protection of
personnel and equipment from laterally scattered, high velocity debris.

Velocities were measured as the projectiles penetrated two conductive silver ser-
pentine patterns (silk screened onto thin paper targets) spaced one foot apart. The
conductive silver used was duPont No. 4929, thinned with Cellosolve acetate. A
Hewlett-Packard Model 722-B decade counter was used to record the time interval
of the projectile passing between the two paper targets. To check the retardation
effect of the targets or small diameter, low velocity projectiles, a third sheet of
paper was inserted between the first and last sheets, and a negligible effect re-
sulted at the lowest velocities.

I
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Figure 2-1. Remote Test Site Setup for 410-Gauge launcher

Figure 2-2. Remote Test Site Setup for 20-mm Launcher
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3.0 IMPACT TEST RESULTS

A summary cf the impact ýhots performed and a qualitative description of the re-
sulting damage is given in Tabie 3-1. Included in this table are fourteen columns
giving the projectile properties (number, diameter, mass, impacting kinetic en-
ergy), the plate properties, and the target (radome plate) damage. The plate dam-
age has been divided into front and rear surface characteristics, as back face
spallation was a common occurrence. Figures 3-1 and 3-2 show the front and back
surfaces, respectively, of a typical test plate. In some cases a front crater oc-
curred, but was so small in size that neither the depth nor volume could be accu-
rately measured. Therefore, several of these dimensions are missing in the table,
but these points were deemed insignificant compared to more gross damage im-
pacts. It will also be noted that in some cases the 2-inch backup plate was not used.
In tests where only front face damage was anticipated single plates were used to
conserve time and expense.

The basic data from the impact tests are given in Table 3-1. By inspection of the
columns marked target damage, one can obtain a general scnje of the thresholds
of damage, i. e., the particles sizes and their velocities which initiate damage.
The number of tests were not sufficient to allow a large variation in parameters
in order to closely define these thresholds, but the general qualitative values are
apparent. Figures 3-3 through 3-22 present a clear visualization of the ramificationof these impact tests. These photographs are the results of representative tests
shown in order of increasing severity of damage. All plates were painted with a

graphite solution to give a high contrast in order to emphasize the crater damage.

Figure 3-3 shows the damage inflicted by one and three millimeter projectiles for
single and multiple impact conditions. The bottom row shows the small craters
formed by single 3 mm particles at velocities in the range of 130 to 300 ft/s.
The third row illustrates the 1 mm particle damage. These four shots were
at approximately 350 ft/s. The two patterns on the left edge of the plate were
caused by ten consecutive shots in each instance. The far left entry of the second
row shows the results of a single 1 mm particle impact at 876 ft/s. The other three
patterns of this row resulted from ten consecutive shots, each of 3 mm particles,
with the second from the left resulting from velocities of 120 ft/s, and the latter
two patterns from velocities of 300 ft/s. The top row shows two single 3 mm im-
pacts at 1200 ft/s (two cratera toward the left edge), one pattern from ten con-
secutive shots of 1 mm particles at 885 ft/s (third from left), and one almost un-
detectable Crater from a single 1 mm particle at 840 ft/s (top right corner
of the plate). Several size/velocity test combinations were eliminated when it was
determined that little or no effect could be discerned. Thus the 1 mm/100 ft/s and
3mm/100 ft/s were eliminated. To confirm that small particles at high velocities
do, very little damage, one shot, using the 410 gauge launcher, was made containing
1000 particles of 1 mm sand at 3200 ft/s. The results of *is shot are shown in
Figure 3-4. From a calibration shot, the intensity was approximated to be in ex-
cess of 200 particles per square centimeter at the center of the impact area. The
surface indicated a sand blasting effect, but the plate was relatively undamaged.

3-1
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Figure 3-5 shows the damage from two multiple impact tests. Both craters resulted
from 10 consecutive shots each of 3 mm particles at 1190 ft/s. Figure 3-6 shows
the back side of this plate where rear face spallation has just initiated (test plate
was not backed up).

Figures 3-7 and 3-8 show the front and rear crater damage (radome plate with
backing) caused by a 1 cm projectile at approximately 2500 ft/s. Note that the rear
crater is substantially larger than the front. This phenomena is discussed in greater
detail in a later section. Figures 3-9 and 3-10 indicate the damage under nearly
identical conditions as the previous photograph, except only a single plate was
used. The damage is more extensive, the plate being severely cracked and com-
pletely penetrated.

Figures 3-11 through 3-14 show the results of using a steel sphere as the projec-
tile (mass approximately 28 times that of a 1 cm fused silica ball) at velocities of
76 and 117 ft/s, respectively. It is interesting to note from the curve in Figure
4-13 that the steel spheres, upon impact, cause a larger front crater (and also
rear crater) per unit of impacting energy. This is to be expected since steel balls
do not shatter upon impact and impart all Lhe available impact kinetic energy to
the plate. In nearly all cases, no evidence could be found after impact that the
ceramic balls did not fracture. In fact, several 1 cm projectiles were dyed and
attempts were made after impact tests to locate fragments identifiable to the pro-
jectile. These attempts failed in each instance.

Two of the 5 cm projectile tests at velocities of approximately 170 ft/s are shown
in Figures 3-15 through 3-19. These two tests indicate several interesting phenom-
ena and are discussed in greater detail below. Figures 3-20 and 3-21 show the
devastating damage which can occur from impacts of 2 cm rocks at a relatively
high velocity of 1060 ft/s. This test plate is very interesting as it very nearly de-
picts a radome plate (0. 71 inch thick) bonded to a 2-inch backup plate to simulate
plugged waveguides of a representative Phased Array Radar system. An impact
of this magnitude would undoubtedly remove nearly half of a radome plate and spall
several, if not totally demolish, 4 to 6 backup plugs. Figure 3-22 shows the rear
face of a test panel constructed of 4 bonded plates, each 0. 71 inches thick, which
has been impacted by a 10 cm projectile at a velocity of 89 ft/s. It is of interest
to note that this represents a velocity well below the predicted 350 ft/s free-fall
velocity for a 10 cm sphere.

As illustrated by the photographs in the preceding figures, the lower threshold for
radome damage caused by impinging debris is 3 mm projectiles at velocities in
excess of 1000 ft/s. Moreover, the damage at this level of impact is quite minor
for single impact. At the other extreme is the severe damage level by high vlocity
(500 to 1000 ft/s), 2 cm projectiles and low velocity (150 ftis), 5 cm particles
(see Figure 3-15).

I
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Figure 3-1. Results of Impact Test No. 46 (Front Face) (2-cm
Projectile at 812 ft/a)

Figure 3-2. Results of Impact Test No. 46 (Back Face) (2-cm
Projectile at. 812 ft/a)
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14i S3 31 34,

NO. TESTPARTICLES
NO. O. KEY TO PHOT')GRAPH 4

O. DIA VELOCITY NO.
(WA) FT/SEC 1 2 3 4

17 12 I0 0 0
2 1 8 3 1200 17 3 120
3 7 1 B8s 10 5 6 7 44 1 84 0
!1 6 1 976 1
6 1 2 3 120 10
7 IS 3 300 1 0 9 10 11 12

8 16 3 300I 10
89 3 1 350 10

10 4 I 350 10
I1 1 5 10 13 14 Is I

1 2 2 1 350 I

14 113 126 ItI5 13 3 3D4 I

16 14 3 309 I

Figure 3-3. Reaults of Impact Tests (Test Nos. 1 Through 7 and 10 Through 18).
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Figure 3-4. Results of Calibration Impact Test No. 9
(1000-1 mm Particles at 3200 ft/a)
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Figure 3-6. Results of Impact Test Nos. 19 and 20 (Back Face)
(10-3 mm Particles at 1190 ftls)
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Figure 3-7. Results of Impact Test No. 33 (Front Face)
(1-1 cm Projectile at 2562 ft/a)

Figure 3-8. Results of Impact Test No. 33 (Back Frace)
(1-1 cm Projectile at 2562 ft,/s)
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Figure 3-11. ]Results of Impact Test No. 42 (Front Face)
(Steel Sphere at 76 ft/s)

Figure 3-12. Results of Impact Test No. 42 (Back Face)
(Steel Sphere at 76 ft/a)
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Figure 3-13. Results of Impact Test No. 41 (Front Face)
(2 cm Steel Sphere at 117 ft/s)
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Figure 3-14. Results of Impact Test No. 41 (Back Face)
(2 cm Steel Sphere at 117 ft/s)
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Figure 3-15. Results of Impact Test No. 49 (Front Face)
(5 cm Projectile at 164, We/)
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Figure 3-18. Results of Impact Test No. 49 (Rear Face)
(5 cm Projectile at 164 ft/s)
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Figure 3-17. Results of Impact Test No. 50 (Front Face)
(5 cm Projectile at 172 ft's)

Figure 3-18. Results of Impact Test No. 50 (Back Face)
(5 cm Projectile at 172 ft/s)
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Figure 3-19. Results of Impact Test No. 50 (Back Face,

Crater Material Removed) (5 cm Projectile at 172 ftis)
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Figure 3-20. Results of Impact Test No. 48 (Front Face)
(2 cm Projectile at 1060 fl/s)
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Figure 3-21. Results of Impact Test No. 48 (Back Face)
(2 cmn Projectile at 1060 ft/s)

Figure 3-22. Results of Impact Test No 52 (Back Face)
(10 cm Projectile at 89 it's)
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4.0 ANALYSIS OF TEST DATA

4.1 CORRELATION OF RELATED PARAMETERS

In order to assess quantitatively the significance of the impact test shots, descrip-
tive variables must be chosen to specify the damage. From a review of the litera-
ture it is seen that the standard description has been the depth and the volume of
the crater formed from impact. In addition to describing the front face crater by
these two parameters, the rear face crater formed by spallation has similarly been
described i'n the following table and figures. Table 4-I surnmarizes the dependent
paramete-s, i. e., volumes, depth, etc., and the independent variables used to
statistinally describe the test data. Using the literature review as a guideline, the
data has been examined to determire if any dependencies, similar to those found
by former workers Investigating penetration of concrete, rocks, etc., are apparent.

Dependencies of the following forms were anticipated:

p 0 Cp(V)n and
p

S c C (V)ms

where

p = crater depth (inches)

S = crater volume (inches3 )

C = penetration constantCp

C5 = volume constant

The test data are presented on log-log graphs where the exponents n and m in the
above equations are simply the slope of the resulting straight line. Figures 4-1
through 4-14 show the test data plotted according to the parametric form summar-
ized in Table 4-L The data in each figure has been statistically processed to de-
termine the "best fit" curve of the form:

lnY = B+Mlnx

by a least squares method. These curves are plotted in the figures as solid lines.
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TABLE 4-I. TEST DATA CORRELATION ANALYSIS 4

Figui-e Dependent independent Intercept, Slope, Corelation Signficant Co
No. Variable, Y Variable, X B M Coefficient Level Comment

4-1 Fiont Crater Velocity -7.16 '-2.21 +0. 799 0.001 Single
Volume Impact

4-2 Front Crater Impact +2.07 +1.04 +0. 885 0.001 Single
Volume Energy Impact

4-3 Front Crater Front Crater +0.839 +0.431 +0. 710 0.01 1 Single
Diameter Depth Impact

4-4 Front Crater Velocity -17.1 +4.08 +0. 950 0.001 MultipleVolume Impacts

4-5 Front Crater Impact +2.77 +1.12 +0. 838 0.01 Multiple
Volume Energy Impacts

4-6 Front Crater Front Crater +1.58 +0. 321 +0.808 0.01 Multiple
Diameter Depth Impacts

4-7 Rear Crater Velocity -62.3 .-9.72 +0. 977 0.05 Single Im-
Volume pact, Single

Plate, Only
2 Degrees
of Freedom

4-8 Rear Crater Impact -19.8 +4.26 +0. 992 0.01 Single Im-
Volume Energy pact, Single

Plate, Only
2 Degrees
of Freedom

4-9 Rear Crater Rear Crater +1.52 +0.316 +0. 967 0.05 Single im-
Diameter Depth I pact, Singie

Plate, Only
2 Degrees
of Freedom

4-10 (Front Crater Velocity -5.60 +0. 896 +0. 865 0.001 Single
Vol)1 / 3 + Pro Impact
jectile Dia.

4-11 Front Crater Velocity -2.16 +0. 655 +0.493 Not Single
Volume + Significant Impact
Kinetic
Energy

4-12 Front Crater Velocity -13.3 +1.46 +0. 887 0.001 Single
Depth Impact

*-13 Front Crater Momentum +10.0 +2.06 +0. 638 0.01 Single
Volume + Azea Impact

4-14 Rear Crater Momentum +12.2 +1.42 +0. 287 Not Single
Volume + Area Significant Impact

4-2
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The strength of the relationship between the variables is estimated by the coefficient
of correlation between their logarithms and its s ignificance level (_s 0. 05) which is
also a function of the number of data points available.

Of the fourteen curves or combinations of variables used, only two had such a wide
scatter of points as to have little correlation. The first of these was Figure 4-11

front crater volume
kinetric energy vs impact velocity and the second was Figure 4-14 4

r energ momentum

rear crater volume v' A discussion of the probable reason for this

behavior is given in the following section. In addition, there are several more data
points included in Figures 4-7 through 4-9 than were used to determine the best
fit functions. These data points are shown in these figures by the solid symbols
and stand for multiple impact test shots. While there were too few of these data
points to treat separatel-, they are nevertheless included for comparison purp3ses.

Although many relationships have been formed it does not necessarily imply that
there are twelve independent, significant relationships. In fact if one has:

S = crater volume

V = particle impact velocity

m = particle mass

E = impacting kinetic energy

then for Figures 4-1, 4-4, and 4-7:

4•7



lnS= B +M nv (4-1)

For the curves in Figures 4-2, 4-5, and 4-8:

InS = B + M In E (4-2)
2 2

and for Figure 4-11:

In (S/E) = B3 + M3 In V (4-3)

However, since E = 1/2 mV2 it follows that above equations reduce to:

lnS =B 1 + M1 InV (4-4) 4
InS = (B2 - 112 In 2) + M 2 In m + 2M 2 InV (4-5)

InS = (B3 - In2) + In m +,(M 3 + 2) InV (4-6)

Therefore, all of the relationships, except the correlation of crater diameter to
crater depth, are of We general form:

InS = A1 + A2 i m + A3 InV (4-7)

which holds for Figures 4-13 and 4-14 also.

4.2 COMPARISON OF TEST RESULTS TO IMPACT MECHANIhS

Tn general, the impact damage occurred as anticipated. Very rmall particles shat-
tered or rebounded elastically with no visual pitting or penetration of the ceramic
plates. The next larger particles (3 mm) iuflicted front face craters upon impact,
but the rear face did not experience spallation. As the particles and velocities (im-
pact energy) increased the front craters became appreciably larger (see Figure
3-7) and rear face spallation bega~a to occur. Both the front and rear face cratere
were cupshaped and F , veral diameters larger than the impacting particle. This
is the expected failure mode for a ceramic, or any brittle material, where the
allowable tensile stress is much lower than the compressive stress. Figure 4-15
(a) shows a simplified representation of an impact, where C1 , C2, and CR are the
l3ngitudLal, transverse, and Rayleigh surface wave velocities, respectively. It
is well known that, when a body is dynamically loaded, the disturbance is trans-
mitted throughout the bodWy by longitudinal (dilatational) and .ransverse bdistorti-nal)
wt -es. Boviden and Field0- 4 ) have also shown the Rayleigh surface wave to be of
importance in this problem. Figure 4-15(b) shows diagrammatically the effects
that occur. The impact point is P at the top of the plate. At impact, a stress dis-
tribution, similiar to that given ;'y Hertz(2 ) for a static point load, is impressed.
The lines of principal stress for tnis condition are sbown in Figure 4-16, where
the solid lines represent compression and the dashcI lines tension. No•te that near
the point of impact the principal stress is compression. A little further away onjy
the vcry central region is compression and still further away there is tension
throughout. This chstribution and shape, inconjunction with surface flaws, etc.,
account for the front crater phenomena evidenced in this impact study.
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Figure 4-15. Impact Representation.

Figure 4-16. Lines of Principal Stress.

In addition to some fracture forming the front crater, a spherical compressive
wave propagates through the plate as shown in Figure 4-15(a), and is reflected at
the rear face, which is a free surface. In the region immediately beneath the point
of impact, the wave is reflected entirely as a tension wave; farther out it will ap-
proach the rear face at oblique incidence and a reflected, distortional (transverse)
wave will be generated in addition to the tension wave. A dilatational wave is always
reflected at an angle equal to the angle of incidence, so it appears to be diverging
from an image poiu~t of the point of contact, (see Figure 4-15(b)). During the re-
flection process, the reflected tension pulse must pass through the oncoming com-
pressive wave, so that the resultant stress in the plate is the sum of stresses due
to the incident and reflected pulses. Therefore, appreciable tension will be first
set up at some distance from the free edge and it is at this line that fracture oc-
curs. The region in which fracture occurs is shown in the shaded region of Figure
4-15(b), and is limited to the area where the tensile stress in the reflected wave
exceeds the tensile strength of the material. The fact that fused silica is much
weaker in tension than in compression and the geometry of the problem contribute
to the fact that the spallation crater, in general, is greater than the front crater
formed at the point of impact.

There are two other very interesting results which desiribe the plate damage as
shown in Figures 3-15 and 3-17. C•.nidering the tests to progress from smaller
particles to larger ones, one might expect the front crater -olume to continue to
increase as the diameter icre ses (with a constant velocity, kinetic energy also
increases) until the large particles give very large front craters. The fuactional
relationships in Figures 4-2 and 4-8 would substantiate this trend, if only the data

49 4-12
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points of particles up through 1 cm diameter are examined. In the actual tests,
however, the front crater nearly disappeared from test shots of 2 cm projectiles
for which the kinetic energy level would predict large craters on the basis of the
curve in Figure 4-2. In addition, the plate di- c.zack and the rear spallation was
nearly as expected from the impact. This occurrence can be explained by examin-
ing the -ata plotted in Figure 4-13. This figure shows front crater volume as a
function of the maximum available momentum per unit area in the impact. The
area used to obtain this relationship is the maximum projected area of the fused
silica balls, which is not completely realistic as the actual impact area. However,
as the ball diameter increases so will the contact area, such that the normalizing
factor is corsistent. Examination of Figure 4-13 indicates that there is a lower
threshold (womentum per unit area Q 0. 1) at whiich the front crater volume data
shows variations of three orders of magnitude. T'his would indicate that there is
a level below which the energy and force intensity resulting from impact is such
that a front crater will not be formed and the formation is quite sensitive to other
factors, I. e., surface flaws on the plate, etc. It could also be postulated that the
fracture mechanics of the ball shattering is instrumental in this case, but this is
discounted because of one or two tests with large pai ticles at higher levels of
momentuim. Figure 3-17 illustrates the case just discussed, where the front face
is ap.preciably cracked, but not cratered, while Figures 3-18 and 3-19 show the
resulthg rear crater. Note in Figure 3-18 how the spallation crater material is
intact, but can be easily removed as shown in Figure 3-19 to reveal a crater as
previously disckissed and shown in Figure 4-15(b). It is also noteworthy that the
cracks are probably a result of plate bending where the back face is in tension.
This has been substantiated by other workers in similar tests.

The second phenomenon thatt should receive comment is the occurrence of circum-
ferential cracks in some instances. Figures 3-18 through 3-19 show this action at
two extremes. In tle first figures the damage is noticeably greater than in the test
plat• shown in the latter two iigures. However, the projectile was of the same di-
ameter and impacted at approximately the same velocity. The difference in the
level of damage is attributed to the two different plpte structures. In Figure 3-15
there are two plates (each 0. 71 inch thick) bonded together and in Figure 3-17 there
are four plates of the same type bonded togetver. The mechanics of the fricture
are identical to those found and discussed by Bowde, End Field. This primarily
concerns the interference and reinforcement between ilayleigh strface waves and
longitudinal and transverse waves reflected from the rear iace of the plate. Fig-
ure 4-17 shows schematically how the wave relationships exist. Figure 4-17(a)
indicates an impact, which occurs over a finite area, denoted byAY and shows how
the dilational wave can reflect to reinforce the Rayleigh surfa,ýe wave. Likewise,
Figiu-e 4-17(b) shows how the incident longitudinal and transverne waves reflect
both types of waves at the free surface and lead to arot!er band of reinforcement
on the front surface. Note that Figure 3-17 does show clearly several bands of
circumferential cracks. Figures 3-15 and 3-16 also indicate circumferential cracks
on both the front and rear crater. However, with only two bonded plates. the
energy intensity from the rear face reflection was much greater than the other
case, resalting in substantially more front face damage.
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5. 0 SUMiAll Y AMD) CONC Li SINS

Impact test, were rn.rforrned using ona foot square, 0.71 inch thlck fiSC,-' silica
plates and silica projecti!us accelerated by launch-r:• apable of pru)vidingr nomi:nI
projectile diaineter ar,. velocity profile ranges of 0. .. 0 erm and 100-3500 'C's
respectively.

Test results showed fused silica to be subiect to severe cratering an- spailation.
Damage may be classified as follows: particles of I mm diameter or smaller at
pvelocities LP to 3,70 ft/s Pnd densities up to 250 impacts per square centim-.

cause only a slight sand blasting effect on the plate surface. Particles of 1 cm
diameter or smaller at free-fall 7elocity, i.e., the terminal velocity of a spherical
particle in a standa:d atmospheric environment, do no damage under sing:e impact

-conditions. Gross damagre to the samiple plates wa experienmed from sirzle irn-
pacts of 2 cm particles at velocities of 00 ft/s o, 5 em particiee at vec -iies of
175 ft/s.

Analysis of the ciatering and spallation data at levels between the t-%,) tre
!*1 thresholds shows the existence of relationships between crater voiumcis, ir:-,act

kinetic energy, impact velocity, and impact momentum per unit are.., . .-
into wave and fracture mechanics of point impact is required to extrapolate t½,e
r resul for fused silica to other ceramics. Qualitatively, it can oe stipulteo that
crater volumes would decreatse and the zpallation threshold increase (damage de-
crease for given impacts) as th• ultimate tensile strength of the ceramic in-"earc :s.
Depending upon the size of debris expected for any given radar hardening ap¢!icn-
tion, fused silica may be in-ppropriate as a radome material due to low impact

resistance. Recent research into fiber reinforced ceramics may prove to be useful
In improving impact characteristics of ceramics, however, and S-hould be one area
of further investigation for developing better impact resistant radome materials.
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SINGLE IMPACT STUDIES OF PAIN EROSION MECHANISMS

by

A. A. F.all and P. A. Smith
Royal Aircraft Establishi.ent

Farnborough, England

ABSTRACT

Theories of the process of rain erosion have hitherto depended on a
number of fundamental assumptions regarding the impact sequence. This paper
is concerned with an examination of the validity of such assumptions by the
use of high speed photography of the collision process and of photomicrography
and profilo~netry of the impact damage, caused by a single drop. Correlation
is shown between observed radial flow phenomenon and the nature of the subse-
quent damage site, including the effect of obliquity of impact.

Photoelastic studies of impact show that pre-stressing of the target
surface •may occur rIor to collision. The implications of such a phenomenon
for high altitude flight are discussed.

Co'Jision with particles other than waterdrops are feat ,red in a discus-
sion of the validation of simitlat!on techniques. These includt high speed
impact sequences of collisions with spheres of polymeric mate••ials, such as
cellulose acetate, poly(ethylene), poly(styrene), nylon and poly(tetra-fluoro-
ethylene), of inorganic materials such as a ceramic aggregated and of metals
such as mecury or lead.

tL

A short film (16mm- no sound track) will show animated sequences of
these collisions, taken from camera speeds of up to 8,OOO,WOO pictures per
second.

INTRODUCTION

Research aimed at an elucidation of the phenomenon of rain erosion, has
hitherto been ceverely limited by lack of information regarding the high speed
collision of a material surface with a single raindrop. Theoretical considera-
tions of the fundamental mechanisms have, of necessity, been based on certain
assumptions whose validity has beer. unre. olved by practical demonstration.

It is the purpose of this paper to discuss a series of single impact
studies aimed at the establishment of some of the basic parameters of the
impact sequence.

The results of high speed photography of the event and of profilometry
and photomicrography of the impact damage caused by a single drop are used to
desoribe the collision process and its consequences. Correlation is shown
between the observed radial flow phenomenon and the nature of the damage site,
including the effect of obliquity of impact.
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. otoelastic --t+udies cf impact indicate - , "re-stressing of the target
surface may occur prior to collis!;on and the ,i3. ].-:ations of this phenomenon
for high high altitude flight are discussed.

Collision with particles other than waterdrops are features in an exam-
ination of the validity of simulation techniques. These include high speed
impact sequences oC collisions with polymeric, ceramic and metallic spheres

* with particular reference to the case of lead.

TEST METHOD

N A schematic represenriation of the equipment is shown in Figure 1. The
.material to be ipactc' :•r;i a•t of the nose s ticn of a light-weight

IZ4 •bullet. When the turbine-driven camera mirror reaches the required speed,
the projeutile is fired from a compressed gas gun at a droplet or sphere,
which is suspended on an artificial web. Before impact, the bullet actuates
a photocell which triggers high intensity, short duration flashes to light
the event. The projectile is arrested by passing through a series of rubber
rings, which retard it without damaging the impacted surface.

TEST SPECIFICATIONS

The specimen is usually a truncated cone with a frontal din-meter of,
typically, 1.18 cm. The bullet is made of magnesium and weighs approximatelyS~13 grams. Projectiles and specimens are shown in Figure 2. A wide variety

of materials may be tested, including metals, cersmics, polymers, ect.
Because of the high deceleration forces imposed by the arrester system, the
technique may not be suitable for certain glasses and ceramics, particularly
in thin section.

The rotating mirror camera has a range of 2 x 105 to 8 x ](6 ,
"second (p.p.s.). Typically, at the top speed. matched lenses, arranged in an
arcuate path, give a consecutive sequence of 117 pictures of 8.23 mm diameter
on 35 mm 4_lm, the exposure time being 0.12 Ps. The Xenon flash tubes are
discharged at 2.8 kilovolts, and emit approximatelv 180 joules; the rise time
of the pulse is 1-2 ps and the duration 80-90 ps. This pulse length is less

than the time for a half revý'luticn of the double-sided steel mirror and thus
multiple exposure of the film is obviated. To assist in data reduction and to
enhance qualitative detail, the 35 mm film negative is processed as a continu-
o~us roll of enlarged positive print. The mirror turbine is usually driven by
compressed litrogen at approximately 50 lb/in2 pressure. The gas gun has a
capsbilify of approximately sonic velocity using compressed air or nitrogen
as prope .lant while the use of hydrogen will extend the velocity to 1500 ft/s.
Gun discnarge pressurp for a projectile vclocity of 1000 ft/s is 1000 lbiin2 ,
ýwith a triggering pressure of 300 lb/In2 ,

The web is fabricated by drawing out filaments from a solution of
poly(wethyLnethacrylate), (hereafter designated Perspex), in aniline and
stretching them over a supporting frame. Such webs have supported targets of

.* spheres of -;ater, mercury, poly(ethylene), poly(styrene), poly(tetrafluror-
.ethylene) or P.T.F.E., cellulose acetate, nylon, plasticine, tungsten
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carbide, steel, lead, synthetic sapphire (a alumina) and light-weight ceramic
aggregate.

As Perspex shows excellent damage sitej when impacted. against waterdrops
at -1000 ft/s, it is used as a standard material. This material has also been
well characterised in multiple impact experiments, takes a fine polish and its
photoelastic properties are also useful.

Initial experiments showed that the combined techniques of high speed
photography, photomicrography and profilometry gave P very adequate descrip-
tion of the collision processes and resultant damage. In particular, the last
technique gave an excellent measurement of damage, as the results were very
reproducible.

IMPACT WITH WATERDROPS

The impact process with waterdrops is an extremely rapid event and to
examine its various features in detail, the camera was first used at speeds up
to 1.0 x 106 p.p.s., giving a sequence of 28 pictures (Figure 3) . There was
sufficient detail in these pictures to estimate radial velocity and to observe
the general progress of the impact.

RADIAL FLOW

Preliminary results indicated that the radial velocity had an initial
high value for -2 ps, reducing to a steady value for the next 6-8 Ps.

Various authorities, notably Engel I/ and Bowden and Field Z/ have shown
that the pressure (P) generated on impact is given by the "water-hammer"
equation of Gibson 3/ and Rich _/: -

where- p is the density of the liquid, C the lrelocity of a compression wave
in the liquid and V the velocity of impact. Bowden and Brunton _/ postulate
that the high radial velocity results from the jetting action of the water
between the confines of the drop and the impacting strface. A more reasonable
explanation may be that the radial wash originates as steady incompressible
Bernoulli flow, resulting from the release of the high pressure generated at
impact. This view is supported by the cor:'elation of the radial velocity and
the calculated water-haimer pressure.

It is apparent from Figure 3 that in the first microsecond after impact,
a considerable movement of water has occiurred. The impact pressure has been
released and the radial wash is already Jetting over the surface. This is
supported by Bowden and Brunton's 2/ measurenents of a time of -l ps to achieve
peak impact pressure. To examine the initial stages of impact in more detail,
the camera was fitted with an alternative ba-k of 117 lenses, thus extending
its maximum rate of 8 x 106 p.p.s. Measurements of radial velocity agreed
uith those made as 106 p.p.s. although a more detailed description was
possible (Table I). The• behavior of the drop in the earliest stages of impact
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RADIAL VELOCITY OF 2 m-m WATIRDROl'S ON Ii1,TACT IThi P7RS.CCW

Velocity Time Radial
of Imnact Camera Rate from Im act Velocity
(ft/s) (pictures per sec) (ft/s)

904 1 Xl1 6  - 8 2660
8 - 13 2075

908 5.1 x 106 0.6 - 6.7 2625
4 6.7 - 13.5 i1252

0 - 2 3360
907 5.8 x 106 2 - 3.3 3-CL

3.3 - 8 2240

0.8 - 2.9 3056

987 8.0 x 106 2.9- 3.9 2650
3.9- 5.6 2610
5.6 - 12.9 1820

showed that no sideways flow of water was apparent for at least 0.25 Ps.

Close-up pictures (field of view -X3 diameter of drop) give further refinement I
of the radial wash measurement and observation of the initiation of flow. The
measured reduction of the diameter of the drop over this period agreed very

closely with that calculated for tha movement of the target surface through the
drop at the velocity of impact. This observatico further substantiates the
theory that the first stage of the process is that of pressure buIld-up. In
the high spped photography of waterdrop collision, no evidence of any spalling
on the back surface has been found. Such waves as are generated may be
attenuated within the drop.

SHEARING ACTIGN OF RADIAL FLOW

In many papers on rain erosion, the importance of the sha.arlng action
resulting from the high speed radial flow across the surface is often stressed.
This is possibly correct for surfaces containing asperities against which the
flow may generate high local pressures. However, for a smooth surface, it
would appear inadmissible that the so.-called "scouring action" has much signif-

icance at the impact velocities examined. Damage sites on Perspex (Figure 4)
are characterised by an annular depression, the centre of which is an undamaged
plateau. Beyond the depression lies circumferential cracking, usually to the
extent of approximately the diameter of the drop. There is only limited
evidence of shearing action witnessed by the removal of very small amounts of
material, although vith impact on certain solid spheres, extensive shearing
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:I• a~y e wtnesed.Photographs of waterdrop impact show the drops to disinte-

grate rapidly into a spray of much smaller droplets which appear to travel with
at least the velocity of the moving target surface or even to rebound from it.
Radial flow continues well outside the erea of circumferential cracking and
thus the damege may be almost entire.ly ascribed to the primary impact process.

Perhaps one of the most important features of any possible shearing
effect of the radial flow may be in determining at what stage in the process
the water ceases to flaw a-s a sheet and commences to move as a spray of dis-
crete droplets. Derivation of formulae describing radial flow have usually

Sassumed that the flowing w.ater existed as a discrete sheet and not as a spray.

PHOTCMICRO•RAPIY OF DAMAGE

As illustrated in Figure 4, the damage sites can best be examined
qualitatively in a projection microscope, suitable for subsequent photography.

•Oblique illumination with reflected light is used and the surface may be
lightly silvered to enhance detail. The annular ring and circumferential
cracking are quite evident.

I! PROFILOMETIRY

The quantitative extent of the damage is best measured by a profilometer.
Longitudinal magnifications of )IO0 are usual while, vertically, magnifications
up to 50000 times are possible, althoug1 rarely necessary. A typical t7.ace is
shown as part of Figure 4.

EFFECT OF ANGLE CF IMPACT

Waterdrop impact at various angles of impact have also been studied using
thi s technique. Figure 3 shows a typical sequence of impact at 450. Photo-
micrography of the damage sites (Figure 4) of BAagles spenimens show consider-

Sable asymmetry. The hypothesis that the erosion rate at a given angle of

F

impact is governed by the norual component of velocity, an observation -which
dres not realily permit of physical interpretation, appears to be ronfourded by

ythis view. Analyees of the radial velocities occurring on angled specimens

show, that as indicated by the asymmetry of the damage sites, the foma i t.

pressure is generated on the upper sides of the point of contact. Typically,
'1for impact of a 2 ra diameter waterdrop with a l5t angled Perspex wedge atidp1002 ft/s the radial velocn*ies are: 3050 ft/s upslope and 1960 ft/s down-

! slope.

SCCRRELATION aF SINGLE IMPACT DATA WITH WU•LTI• Z MPACT STUDIES

assumeIt has bed shown that although the eatents of the annulus and central

lAsilu srateado in Figureni th-correlate with the angle of impact, yet if the

quliativ aely inota ppro etiolirsoeyutbefo usqetpoorpy

Ser.tent of the C:ircumferential cracking is estimated, a correlation with multi--bplie impact data is possible. If it is postulated that erosion occurs as a
lresial of t overlapping and interaction of the circiriferential crack areas
from many iapacts,e then t.e "cracked" area of an individual impact may berelated to the multiple erosion characteristics of the target material.
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"HEAD- ON" PHOTOGRAPHY

The pictures of impacting drops discussed thus far were taken across the
test surface i.e. in profile. The flow patterns resulting from pressure
release are obscured by the resulting spray of droplets. Plan views of the
flow on angled surfaces were obtained by suitable disposition of camera and
specimen at impact. A technique for "head-on" viewing of surfaces impacted
at normal incidence using expendable plastic mirrors (0.0005 inch thick) has
been developed but not yet perfected to give adequate resolution.

Plan-v•iew pictures of flow on angled surfaces allow the deformation of a
drop to be followed in its entirety. Flow is first manifest by the appear-
ance from beneath the drop of a very fast primary rqdial flow, fo±±owing the
release of the "water-hammer" pressure. By the pririiple of conservation of
energy, the entire drop cannot flow at speeds higher than that of collision.
Thus, if the subsequent or secondary flow from the dror is slower than the
primary Jetting of pressure release, a discontinuity of flow with time should
be observed as the relative velocity becomes appazent. This is illustrated in
Figure 5, in which the widening gap between the two floý' systems is clearly
seen. The secondary flow appears approximately one !ýs after impact and,
initially, has approximately half the impact velocit;. Table II shows. some
values of the two flows as measured along the upilope axis of the impacted
surface. The shape of the primary radial flow pattern, of the secondary flow
and of the resultant intervening gap also indicate the asymmetry of pressure,
already shown in the damage sites of Figure 4. The crescent-shaped separations4i:!i measured at their maximum upslope widths at 7.6 ps and 10.1 Ps from impact
indicate a relative velocity o~f -700 ft/s. The differences of the weighted
means of Table II is 580 ft/s. The maximum breadth of the primary spray
pattern at 10 ps is approximately 1.6 mm.

TABLE II

RADIAL VELOCITIES OF PRIMARY AID SECONDARY FLOWS FOR 30* INCIDENCE

Time Primary Secondary

1From Impact Radial Velocity Radial Velocity

(p4s) (ft/a) (tz

1.9 2967 4i27

~6.o 1083' i46t

47.6 1073537

10.1 994~ 470

SMean 4755

rOTE:, Impact velocity 98 ft/s; 2 mm diameter waterdrop.
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Pictures of the last stages of the collision indicate that subsequent flow
is such that the back of the drop finally rests on the test surface. This is
substantiated in that on recovery of the projectile from the arrester tube,
small waterdrops are usually present on the impact surface. In summary, the
evidence points to the following sequence of events in the collision of a

surface, moving at high speed, with a waterdrop: -

1. progress of surface through drop at impact speed without flow with
consequent pressure build-up over -0.25 Ps followed by

2. its release as primary high speed radial flow (after Bernoulli) with
a velocity of several times that of impact; then follows

S3. an area of flow separation with then

S1. a secondary radial flow at, initially, approximately half the impact
speed and

5. a gradual decrease of flow velocity until the back of the drop comes
to rest 'on the moving tat7get surface.

It should be noted that the flow consist of small droplets and is not a
discrete sheet.

Future experiments will be aimed at mapping the asymmetric collision
pressure as witnessed by the radial flow.

. IHOTOEIASTIC STUDIES

Preliminary studies to determine the shock wave pattern and stress
distribution in a material, resulting from high speed collision with a single
waterdrop, indicated that pre-stressing of the target surface may occur prior
to collision. Figure 6 shows tbat a shock wave pattern is generated before
impact. Table III shows the wave velocities measured for three such experi-
ments. The longitudinal or compressional wave velocities agree with the
value of 8137 ft/s for Perspex at 200 C given by Wada and Yemamoto 7/. The
effect of the Rayleigh or surface waves on fracture at higher impact speeds is
discussed by Bowden and Field ?/. They give values of CR/CT = 0.8743 to
0.9554 for Poisson ratio values of 0 to 0.5 and note that "fractures are initi-
ated by a disturbance travelling out with a velocity between those limits",
i.e. between CT and CR. The photographs of Figure 6 show a fine structure of

[the shock pattern, discriminating between the Rayleigh and transverse or
Sdistortional wave, the ratio of CR/CT being 0.907 (Poisson ratio for Perspex

is 0.4). Other workers have reported, for higher test speeds, the occurrenc:
[I of a light flash at impact. This has been varicusly ascribed to adiabatic

compression of the air between the drop front and the advancing survace
or to the separation of charges resulting from the sudden dissociation of the

* water upon impact 10/. However, no observation appears to have made of the
implications of these forces on the subsequent damajpe to the surface.
Figure 6 seems to favour the explanation of adiabatic compression for the
light flash phenomenon. The extent and magnitvde of the initial pressure wave

a
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TABLE III

WAVE VELOCITIES FY)R IMACT OF 2 mn DIAMETER WATEfl1ROPS AGAINST FERSMX~

Velocity of Velocity of Velocity of
VeoctyLongitudinal Wave Transverse Wave Rayleigh Wav'e

of Impact CL CT ______

(ft/a) (ft/a) (ft/s) (ft/a)

930 7694 56.4 5102

933 -7718 5630 5l06

.987760 5656 5130

must be assessed in relation to the total pressure, built up during the
colso rcs.I hsaiaai opeso feti significant then

turbine blade materials, note that "the maximum weight loss can be reduced 'by-

speed was 1730 ft/s. The implication is that erosion rates for aircraft and
missile materials may increase with altitude. From Smith's W/ erosion rates
for 50 hours exposure of a standard metal specimen at various chamber pressures,
vith the reservation that there may be drop size effects., it may be calculated
that, equivalently, erosion rates will increase by a factor of 7 between 4~2000
and 62000 ft altitude and by a. further factor of 1.5 between 62000 and 69000 ft.

A -Also, Nicholson 1/has shown in discussing drop break-up by airstream
impact that aiUeviation of erosion damage by this mechanism is reduced with
increased altitude. Typically, at Mach number, of 2, he indicates that a 2 mm
diameter waterdrop may break up in a distance of 4 inches at sea level but may,
require 10.5 inches for the same degree of disintegration at 50000 ft altitude.
The implications of the combination of these two features of the erosion
process must obviously be a serious consideration for supersonic transport
operation, particularly in view of the evidence offered by Kantor and
Grantham U/ regarding the occurrence of precipitation-bearing clouds at super-
sonic aircraft altitudes. The provision of vacuumi conditions for the~ new
whirling arm facility of Bell Aerosystems 1.4/ may thus have more significant
advantages than the original intentions of minimisation of power and of cooling
requirements.

IMPACTS WITH SOLIDS

There are three main reajons for studying the impact of surfaces on solid
4 ~particles:-
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1. in flight, aircraft and missiles encounter foreign bodies other than
waterdrops e.g. a helicopter may produce its own sandstorm during
hover;

2. to help to understand the mechanisms of collision processes more
completely;

3. to examine the merits and limitations of simulation techniques, in
which the waterdrops are substituted by solid particles.

The technique already described for water impact is readily adaptable to that
of solids. Webs have supported a variety of metallic, polymeric, glassy and
ceramic particles. •:A

RESULTS I

Results for collision with a variety of solid spheres have already been
reported Y/. Table IV summarizes the charrcteristics of those materials which
show no radial flow characteristics while Table V deals with those which do.
It should be noted that none of these materials in the first category can
satisfactorily simulate water impact, not only because of the difference in
time scale of the impact but also because none, in fact, disintegrate at all.

TABLE IV

DURATION OF CONTTACT OF SOLIDS AFTER COLLISION
AND THEIR VELOCITIES OF SEPARATION _/

Velocity Duration Velocity

Material of Sphere of Impact of Contact of Separation

(ft/a)(,) (ft/s)

Poly(ethylene) 1018 52 .15 1:
Nylon 957 6.7 240

Cellulose Acetate 985 5 00
Sapphire 1075 8.5 373 A-1

Poly(tetrafluoroethylene) or P.T.F.E., and plasticine (modelling clay)
most closely resemble water flow characteristics. &amination of the photo-
micrographs of the damage sites show, however, an important defecb in simu-
lation of waterdrop erosion viz. excessive rcouring across the surface, as
happens with the non-disintegrating polymeric spheres. For other target
materials, which are harder than the impacted spheres, this may of course,
result in sphere material being transferred, which may minimise the effect of
subsequent impact.
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TABLE V

RADIAL VELOCITIES OF DISINTEGRATING SOLIDS ON A PERSPEX SURFACE 6/

Material Velocity Time Radial

Sof 

Sphere of Impact Camera Rate From Impact Velocity

(ft/s) (p.p.s.) (Ps) (ft/s)

Plasticine 873 1.1 x 106  0- 12 1839
P in930 1.02 x lo6 0 -. 12 2250

P.T.F.E. 965 1 x 1o6  0 -. 4 1680
4 - 5 1121
5- 31 596

1011 5.1 x 10 0 - 8 226Liht-weight IO115 5.1 x i 0 - 8 183
Ceramic Aggregate 1133 5.1 xI00 -8 226

Since the publication of this data a more detailed study has been made of
impacts with lead spheres, this being pertinent to the "shot-gun" technique

V used by the High Temperature Materials Group of the Georgia Institute of
Technology _/. In preliminary studies, only impacts against Perspex surfaces

Awere examined. These showed that although lead belonged to the category of
Table V, its apparent radial velocity was approximately that of impact. ThisI arose from lack of definition caused, to some extent, by the deep penetration
of the lead into the Perspex surface. This has now been reappraised a-nd
impact Etudies have also been made with titanium and fused silica targets.I •Table VI shows a summary of the flow characteristics of lead on various target
materials and of water. A "lifting" component of velocity i.e. normal to the
surface, was measured as approximately half the impact velocity. If the radial
flow of lead on fused silica is examined at further intervals after the first
microsecond from impact there appears to be an initial decrease of radial
velocity after the primary high speed ietting action. This however is followed
by an increase in velocity about 3-4 ps from collision. A smear of lead showing
evidence of radial flow was left on the impacted surface; the diameter corre-
sponded to a contact time of this magnitude. Thus, the apparent acceleration
of the lead after 3-4 vs is probably due to the release of energy to the
disintegrating sphere as the lifting component of velocity enal'h es it to move
off the surface, over which it has been shearing with a consequent frictional
reduction of velocity.

The effect of the scouring action of the lead in relationship to erosion
simulation will be further examined. While the lead technique may have
relevance to evaluation o' ceramics, it should however be noted that it will
not be suitable for soft target materials e.g. pure aluminum, in which it
S.embeds without flew.-
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TABLE VI

SUMMARY OF LEAD SPHERE IMPACTS

Radial Velocity
Materials Impact Velocity for First Microsecond

(ft/s) (ft/a)

Lead on Perspex 991 2936

Lead on Fused Silica 1056 3807

Lead on Titanium 130 1000 3535

Water on Perspex 1070 2806

CONCLUSIONS

Various aspects of rain erosion have been examined by observation of
single impact collisions using high speed photography. A description has been
given of the collapse of a waterdrop, which has been struck by a fast moving
surface. The effect of obliquity of impact on the subsequent damage has been
outlined. The results of photoelastic experiments in relation to their
relevance to high altitude flight are Ciscussed. Finally, the validity of
simulation techniques using solid spheres is examined.

British Crown Copyright reproduced by permission of the Controller of Her
Britannic Majesty's Stationery Office.
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ABSTRACT
I

This paper presents the principle aspects of the C5A Nose Radome
electrical design. The radome/antenna geometry and functions are des-
cribed and the ray analysis results summarized. Development of the wall
configuration and the subsequent performance evaluation based on the ray
analysis, the material selection and empirical correlation is also out-
lined. Attention is directed toward the lightning protection, weight,
and structural loads requirements which rendered the radome electrical
specification quite stringent.

INTRODUCTION

The U.S. Air Force Lockheed C-5 Galaxy is the world's largest air-
lifter with a payload of up to 265,000 pounds and a cargo compartment
volume of 34,734 cubic feet. The aircraft's uniqueness extends to the
most forward region of the fuselage where a number of advanced radar
systems are enclosed by the largest sirqle piece aircraft radome ever
produced. The radome - approximately 16 feet in base diameter and 10
feet in length - is shown in Figure 1 and in Figure 2 with the primary
system antennas sketched in their respective locations. Uppermost in
the radome is the X-band phase interferometer, a 3.6" x 20.0" array
operating in X-band which provides the primary terrain following/terrain
avoidance function. immediately below is an X-band parabolic antenna
which is designed for high altitude ground mapping, weather mapping, and
contour mapping, using a 34" x 43" polarization sensitive reflector sur-
face. The Ku-band phase interferometer shown in Figure 2 handles primary
radar approach to landing and consists of a 2" x 24" aperture using

Shorizontal polarization. The Ku-band parabolic antenna provides the
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Figure 1. C5A Nose Esadome on Electrical Test
Fixture.
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Figure 2., C5A Nose Radome Cross-Section Depicting
Enxclosed Antenna System.
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primary low-altitude ground mapping function using either horizontal or
vertical polarization in conjunction with a 30" x 62" reflector. These
four apertures, which also possess back-up function capabilities, then
constitute the multimode radar system. Scan and stabilization limits
combine to yield angular movements of +1100 in azimuth, +25* to -30 in
elevation (+150 for the phase interfer~meter), and +450 about the common
roll axis. A station keeping antenna is located in-the bottom forward
region of the radome, this 4" x 6" array operating at C-band (5.090 GHz)
with vertlcOl polarization and htving az;muth scan limits of +900 azimuth.

Additionally a doppler antenna is located aft of the station keeping
antenna, however it utilizes a separate window area in the radome which
also serves as an access door. This antenna is a planar array (16" x 12")
operating at 13.325 GHz with horizontal polarization and having angular
movements of +_150 pitch, +300 roll, and +300 drift.

System requirements necessitated high levels of performance in all
radome electrical characteristics. Transmission efficiency objectives
were set at 90% average and 85% minimum for all antennas except the X-
band interferometer which was assigned values 80% average and 75% minimum.
Directional accuracy requirements were:

X-&Ku-Parabolas - 3 milliradians maximum - 1 milliradian BMS
X-Phase Interferometer - 6 milliradians miximum - 2 milliradians WS
Ku-Phase Interferometer - 5 milliradians maximum - 2 milliradians MC
Station Keeping Array - 0.50 s
Doppler Antenna - 1 milliradian maximum - 0.5 milliradian average

Pattern requirements placed on the multimode system antennas included
main lobe conformance to +1 db, beanmidth changes limited to 5%, and
maximum side lobe increases of 3 db. The maximum power reflection permitted
was 2% except in the case of the doppler antenna where the maximum cross
coupling (between transmit and receive ports) was not to exceed -40 db.

The objective then, in essence, was to develop a radome wall configura-
tion capable of satisfying these stringent electrical requirements at C-
band (5.090 GHz), X-band (9.20 - 9.66 GHz), and Ku-band (16.0 - 17.0 GHz)
over all of the relative antenna-radome scan orientations specified while
also assuring adherence to stringent weight, structural, and lightning
protection requirements.

RAY STUDIES

The first phase of the electrical design was of course to determine
the geometrical relations betweern the various antenna apertures, the radiat-
ed energy, and the radome wall. The purpose of the ray analyses was to
obtain the incidence and polarizing angles for energy of representative
rays (from each of the antenna apertures) impinging on the radome wall.
This was accomplished utilizing conventional graphical techniques coupled
with computerization of certain phases utilizing equations (1), (2), and
(3).
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"Two important criteria which determine the refinement or accuracy
of the ray study results are proper selection of the number and loca-

r..tion of the representative rays for each antenna operational mode and
the number and location of the scan positions to be evaluated for each
svstem mode. The C5A Radome size and shape coupled with the antenna

.shapes yielded minimum incidence and polarizing angle changes across
the aperture, while the antenna power weighting (expressions were smooth

j, ýcontinuous functions, consequently a relatively large spacing between
rays was acceptable. A rectangular grid was employed. The location
and proximity of look positions to be used for each antenna is deter-
mined by the rate of change of incidence angle and polarization weight-
tig (represented by C) as a function of antenna scan position. Again
the radome shape precluded the necessity of closely spaced look posi-
tions.. In particular it was noted that minimal variation occurred
at most azi•uth offsets, a noteable exception being around zero degrees.
Accurate representation was then obtained by limiting the study to 27
"scan positions for each multimode system antenna and a somewhat lesser
numer for the station keeping and doppler apertures.

This work provided the necessary incidence and polarizing angle
data while also indicating that most radome window area was illuminated
by virtually all of the antenna apertures thus precluding sectionalized
design of the wall for specilic frequencies, incidence angles, etc. Re-
Sults showed an incidence angle range of 00 to 75* for X-band, 0* to
550 in Ku-band, 0° to 75° at C-band, and 00 to 650 in the doppler door

MNTENRA-INCIDENCE ANGLE WEIGHTING DEVELOPMENTS

With each antenna mode defined in terms of the characteristics of
representative rays at a number of scan positions, the relative impor-
tance or weighting of (1) each antenna look position and (2) each repre-
sentative ray must be determined. Item (1) was simplified since identi-
cal angular increments of scan had been considered, thus equal weighting
MY. reasonably be assigned to each look position. Only when flat panel
,and/or performance evaluation results indicated significant degradation
changes at a particular scan position was this area given primary

.,-consideration.

Item (2).was derived in the conventional manner from the illumina-
tion taper or power distribution across the effective antenna aperture.

With the establishment of the antenna ray weighting factors coupled
Swith the ray analysis results [incidence (e) and polarizing (9) angles],

,it was possible to determine the relative importance of incidence angle
and polarization for each antenna operational mode and s,.an area.

Substitution of equation (15) into equation (16) yields,

TTe Wi (T1 1 Sin2 C,)2 + 78 (Tij Con 2 gi)2 +
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S2 Wi L T0I Sin2 Ci Cs2 i Cos (AI - A,1 )i=!i
0

"* r Ai SiSwhere W,
, • •. Ai Si

The polarizing angles (c) derived in the antenna ray study Indicated
that in many cases, the polarization was heavily weighted either toward
perpendicular or parallel for the various multimode apertures and the
station keeping antenna. The predominance of course depended un the
antenna polarization, horizontal yielding primarily perpendicular and
vertical corresponding generally to principally parallel polarization.
This trend was most pronounced with the X-band apertures and station
keeping antenna due simply to their well "off-center" locations within
the radome. Consequently either the first or second term in the above
expression becomes dominant, the third term being of minimum importance.
For the ith ray the first term is

"Wi (Tji Sin2 ti)2 or

i (w, S in4 i

Now, for a small -incidence angl2 increment, T2Li Is essentially con-
stant, hence we may sum over all rays (at a given antenna look position)
in the jth incidence angle increment to obtain

T . 1(3) (wi Sin4 Ci).

The quantity 1(j) (Wj Sin 4 zi) now rc-sents closely the perpendi-
cularly polarized power impinging on the radome surface at an incidence
angle increment, e8. Obtaining these summations for increments over the
entire incidence anigle range then provides a measure of the relative
incident power (perpendicularly polarized) as a function of incidence
angle.

A similar argument applies to the second term and yields the summation
,* term 1(j) (Wi Cos 4 EI) which is then a measure of the parallel polari-

zation component of power impinging at an incidence angle increment, ej.
These summations over all scan positions were obtained and plotted as shown
in Figure 3 for both perpendicular and parallel polarization using
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50 for the incidence angle increment, ae. From the antenna ray analysis
studies, it was noted that generally the incidence angle magnitudes and
range for a given antenna (multimode system) were closely similar at the
various elevation and azimuth offsets examined, excepting the 0* azimuth
scan area where the magnitudes and range were somewhat higher. Consequent-
ly, plots for the multimode antennas were also developed for (Wi Sin4 E•)
and (Wj Cos 4 gi) summations of the 00 azimuth scan area. These plots
then graphically describe not only the incidence and polarizing angle
range, but the relative importance of each incidence angle increment and
polarization.

CONSTRUCTION AND MATERIAL SELECTION

The multiple frequencies and severe incidence-polarizing angle
ranges coupled with the structural, environmental, and weight criteria
virtually dictated a sandwich construction consisting of alternating
layers of high dielectric skin material (c' - 4) and low dielectric core
material (1 = 1) in numbers and thicknesses determined by the design
itself. Candidate skin materials (limited to pre-impregnated glass
fabric for electrical uniformity) were all evaluated for their dielec-
tric,loss, homogeneous, and isotropic properties, however the primary
requirements were for a high flexural modulus, good storage stability,
ease of cure at moderate temperatures and pressures, and favorable tack
and drape properties. From a literature survey, eight materials were
selected for empirical screening and of these, three were selected for
an optimization study. The final skin material selection was based on
numerous sample panels which were tested and examined f-)r such properties
as flexural strength and modulus, flatwise tensile strength, cliating
drum peel strength, deeree of fillet (into honeycomb core) density, resin
content, void volume, volatile content, cure temperatures and durations,
and interlaminar shear. The most critical structural property was Judged
to be flexural modulus (radome buckling) and the final selection of
E-293 (an epoxy prepreg by the Cordo Division of Ferro Corporation) was
based mainly on modulus values seven (7) to ten (10) percent higher than
the other candidates. Concurrent studies on core materials resulted in
the selection of bandsaw cut (as opposed to microsanded) nylon phenolic
honeycomb of a four (4) pound density and 3/16" cell size with an
established dielectric of 1.09 and loss tangent of .002. It is noted
that although the E-293 material was not selected primarily on an elec-
trical basis 'its dielectric constant was the lowest at both X and Ku-band
(4.20 and 4.06 respectively) while the loss was average at X-band and a
minimum at Ku-band (.018 and .021 respectively).

THEORETICAL AND EMPIRICAL FLAT PANEL STUDIES

Tne next segment of the design program was to determine the most
optimum wall configurations using computer programmed flat panel calcula-
tions of transmission efficiency, reflection, phase delay, and absorption
based on the ray analysis data, material characteristics and expressions
(5) through (14). Maximizing the minimum transmission values and optimiz-
ing the average across the frequency, incidence angle, and polarization
ranges was the principle objective. This design criteria also insured
minimal reflection, particularly important since the primary error con-
tribution in the phase interferometers is apparently not from phase delay
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or attenuation chan~ges in the wal I, but rather from random reflections
which cause pronounced changes due to the small effective aperture and

P phase center soparation. Beam deflection values for the parabolic antennas
should be insignificant due to the large effective apertures and some-

j what lower incidence angle range. The most effective controls here are
minimization of physical variances and discontinuities in the radome
fabrication. These parameters also affect antenna patterns, however
this distortion appears to be principally a function of tho radome geometry
and metallic and dielectric anomalies in the window area.

The incidence angle-weighting plots provide an excellent basis for
the flat panel computer study. Normally in this design phase, the ray

Pbe used in. evaluating the flat panel transmission data. Now the power
weighting summations may be utilized in obtaining an accurate transmission

ofmeigfouec antenna with each panel configuration considered.
For instance, the X-band phase interferometer polarization is almost exclu-

sieyperpendicular (Figure 3), hence the first term in the transmission
expression dominates and yields very nearly'

ý,NiTe, Ti~i(WiSin for the ith ray,

positions inth hin-
dneangle ice t

and determine

-i cnidrd.Fr oneiec teT2 (Figure of Merit was normalized aSnd

opTerqantions pefome on he1.64 265 Cor puer inctimene-sargeingcreRAnt
a bthied waecll k cofguaionr 3o maxilie the figures of e m eeritwied

''n thenfa provnes canlacurateo methodr faprahn the ope al ofgrtimum coin-

* . . moitoring the general transmirssion levels as a function of incidence
figuration. The task of course is a large and difficult one since the

.Scan positions corresponding to minimum transmission efficiency, all
antennas and operational modes, and all frequencies must be considered
With each wall thickness configuration alteration to insure against un-
acceptable-degradation of a particular mode, frequency, scan position,
etc.'

Three, five, seven, nine, and eleven layer wall configurations were
all' considered within reasonable structural bounds. Obviously a suffi-
cient number of layers was needed for good matched Ku, X and C band res-
ponse over a large incidence angle range; on the other hand, an excessive
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number of layers would create overly critical fabrication tolerances and
overall reduced performance in achieving unneeded broadbandedness. A num-
ber of constructions covering the reasonable range of thicknesses and
combinations was then selected and each refined utilizing variations on
individual layers and a process of successive approximation iuided by
the computed transmission values, the transmission figures or merit, and
phase delay variations. This was necessary since it was not sufficient
to assume that given an arbitrary initial construction, such a process
of individuai thickness variation of the layers would yield the electri-
cally desired constructlon, simply because several maxima of varying
performance levels maý well exist with minimum levels intervening; nor
could it safely be assumed that the "effective" thicknesses must necessarily
follow a Gaussian or similar distribution, or a quadrant of the same.

Ultimately, the construction selected was a seven layer configuration
with skin thicknesses of .025", .025", .020", and .015" and core thick-
nesses of .125", .190", and .125", progressing in each case from the
outer to the inner radome surface. The transmission and phase delay res-
ponse of this configuration with the inclusion of a standard Class II
elastomeric rain erosion resistant and anti-static coating is shown in
Figure 4 as a function of incidence angle.

To obtain empirical correlation, the wall configuration developed
theoretically wis fabricated as a 48" x 48" flat panel using the materials
and processes to be employed in the actual radome construction. In build-
ing preliminary panels, it was noted that the total thickness was
generally somewhat less than the sum of the individual sandwich layers.
Microwave and physical measurements indicated that the nominal thickness
values of .010" for 181 type fabric and .005" for the 120 style weave
were closely approached and the theoretically desired values could be
achieved using combinations of these two glass cloths. It was therefore
felt that the overall thickness decrease was attributable to effectively
thinner cores due to honeycomb compression during processing and/or seat-
ing of the honeycomb well into the skin fabric weave. Honeycomb sandwiched.
between aluminum sheets and subject to the same processing demonstrated
no thickness changes, consequently the latter explanation was assumed.
This seating effect was then of course appropriately compensated for inthe fabrication procedure.

Three additional panels were also fabricated with incremented thick-
nesses about the design panel values. Empirical transmission data was
obtained as a function of incidence angle at Ku, X, and C-bands for both
perpendicular and parallel polarizations in the Brunswick anechoic chamber
for each of the four panels to insure correlation with the theoretical
calculations and yield an insight into the effect of layer thickness
variances or tolerances. Compdrison of the design panel results (Figure
5) with the theoretical data (Figure 4) showed reasonable agreement,
however the actuil experimental data was in general better by one to four
percent, this difference being attributed to overly severe dielectric and
loss values assigned to the rain erosion resistant and anti-static
coatings. Transmission remains above 90% from 00 to 340 incidence at
Ku-band, 0 to 600 at X-band, and 0 to 370 at C-band for perpendicular
polarization. The configuration provides a good match over the incidence
angles and polarizations required, but it is obviously not a broadbanded
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structure as evidenced by the pqrpenditular polarization degradation at
the intermediate and higher incidence angles for Ku- and C-band. This
was also apparent when, as a ".tter of interest, calculations were per-
formed at the doppler frequency of 13.325 GHz with a resulting 86%
transmission at 00 incidence decreasing to 63% at 50°. The doppler door
wall computations were accomplished in a manner similar to those of the
nose window area and also resulted in a 7-layer configuration. However
this was not most optimum electrically and with a relaxation of the
structural requirements following some test work, additional computations
were performed, ultimately yielding a 5-layer or C-sandwich construction
with skins of .025", .040", and .015" while the core thicknesses were
.165" and .195" progressing in each case from the outer to inner radome
wall surface. Figure 6 illustrates the transmission and phase delay
characteristics of this wall configuration with the exterior rain erosion
resistant and anti-static coating included, transmission remaining above
90% from 0° to 60° for the worst case polarization (perpendicular).

RESOLUTION OF CONFLICTING STRUCTURAL/ELECTRICAL CRITERIA

The optimum electrical wall was not at all acceptable structurally
due to the low total thickness (.523") and the unsymmetrical cross-
section of skin thicknesses, both 3f which considerably reduced the moment
of inertia. Efforts to achieve a comparable electrical wall involving
a greater total thickness were unsuccessful and it was imperative that
the skins be as thin as possible, the .025" outer skin being a minimum
for impact and abrasion resistance, the normal flight environment, etc.
Additional electrical degradation was not acceptable, consequently a
solution to the structural dilenmma was sought. Since the critical mode
of failure was in overall shell buckling, the obvious recourse was to
somehow reduce the net pressures tending to cause buckling, the ultimate
solution being & flush mounted air scoop mounted beneath the station
keeping array in a non-window area (Figure 2). With the scoop ram
efficiency properly selected, the electrical wall configuration could
then be usee without danger of radome buckling or "blow off" (due to high
tensile loads in the attachment latches). Additional difficulties were
encountered in the doppler door wall design where mechanical thickness
requirements dictated the use of a 7-layer configuration which appeared
marginal electrically, however empirical tests later indicated a greater
margin of safety than anticipated and the minimum total thickness was
relaxed sufficiently to permit use of the more desirable five-layer C-
sandwich construction (.440").

PERFORMANCE EVALUATION

The performance evaluation phase of the electrical design examined

the wall configuration developed in the preceding design phases. Calrula-
tions were performed to determine the theoretical transmission performance A
levels for each antenna and operational mode over the applicable scan
areas and frequercies. Calculations were also conducted on the incremental
thickness configurations, the results being used to effect any necessary
configuration refinements and assure the optimum final wall construction.
The antenna-radome geometry and nature of the wall construction for the
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C5A system was such that the dominating and controlling characteristic
was power transmission efficiency. Antenna pattern distortion is pri-
marily a function of the radome shape and dielectric and metallic anomalies
in the window area rather than any precise wall configuration. Small
"variances in the transmission and phase delay associated with the wall
are not generally significant. One noteable distortion which sometimes
occurs is the inducement of a reflection lobe in the pattern at a speci-
fic antenna scan position and pattern angular offset. These are most
effectively reduced by minimizing the reflection coefficient over the
incidence angle and frequency range involved. Since the transmission,
reflection, and absorption characteristics are directly related, it is
apparent that maximizing the power ttansmission will tend to minimize
the reflection magnitudes for materials having specified absorption or
loss characteristics. Power reflection and resultant coupling back into
the system antenna due to the radome presence is another characteristic
of importance, but again this parameter is minimized in the transmission
efficiency optimization process. Beam deflection, which is of importance
for the X and Ku-band parabolic antennas, is primarily a function of the
attenuation and phase delay variance across the illuminated window area
of the radome wall. The former is of course controlled by transmission
optimization and selection of configurations providing minimum change
with incidence angle and polarization. During the flat panel studies,
phase delay plots as a function of incidence angle were monitored for
various configurations. Although some magnitude changes were noted, the
curve shapes remained closely similar, hence the phase delay variations
with incidence angle were essentially constant despite wall construction
changes. Effective phase delay variance could be achieved (thus alter-
ing beam deflection values) by tapered or stepped wall layer thicknessess,
but this was unfeasible due to fabrication difficulties, extreme over-
lapping of the window areas for the various antenna operational modes,
and the likelihood of additional electrical discontinuities in the wall.
The larger apertures of these antennas also tend to integrate and thus
minimize the effects of small wall construction variances, while the
random reflection contribution to beam deflection should be insignificant
due to the extremely narrow beamwidth.

Boresight error, applicable to the Ku and X band phase interferometers,
the station keeping antenna, and the doppler antenna, is determined in
part by the same criteria as beam deflection however the small aperture
dimension in the error sensing plane (least pronounced in the doppler
antenna) creates some increase in the effects of small wall construction
variances while random reflections contribute perhaps the major error
component due to the wide beamnidth and, in the case of the interfero-
meters, the small phase center separation. These radome reflections are
minimized by maximizing the transmission, but it is important that they
be considered over the entire incidence angle range, particularly for
near normal incidence.

Hence it is seen that the problem of achieving maximum electrical
performance reduces to one of essentially optimizing the wall construc-
tion for transmission efficiency over the specified range of incidence
angles and frequencies.

Calculation of the radome transmission efficiency was based on
equations (15) and (16). Specifically the desired antenna scan position
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is selected; thcn equation (15) is used to express the transmission
- value for eadc representative ray of the antenna. C is obtained

from the ray analysis data, TL and Tg are taken directly from the
.&.Wrical results (on the selected panel configuration) at the tnci-
deme angle determned from the ray study, and a. and Ag are from
tMe theoretical flat panel computations. Equation (16) is a SIP!71
,ismu tlon coupled with the antenna power weighting factors to obtain
the approximate transmission through the radome for the initially
selected antenna look position. A method of voltage suming over the
representative rays was also performed to check the described techni-
que with a resulting maximum difference of .3%. Transmission calcula-
tions were accomplished for each antenri. tod seen poitIon tvaluated
- I n tha't:y analysi-••i•.v ys.ome 'resulting performance values delved in this
eaiiii• •on are shown plotted in Figure 7 as a function of antenna
azimuth scan position and are of course based on the pure dielectric

.window construction. .

Calculations on the incremented thickness panel constructions: :•,• . •!:i•ndi cated thati the i ni tilla selected confi gur,,ttion was indeed the mos t1 Ffavorable. The Figure 7 plots are self-explanatory however it is noted
r thatgenerally transmission levels were relatively high, the most
critical modes being the X-band phase interferometer (76% minimum) and
th Ku-band parabolic antenna (84% minimum). For the station keeping
antenna, the high values around 00 azimuth tapering off to about 86%
at +90 azimuth are a direct consequence of the polarization changes
froivirtually all parallel at 00 to a signiftcaat perpendicular com-

fire nt at +90% These performance levels will be degraded by the
Li ghtning Frotection system metallic hardwire which creates radar block-

-A . ge with accompanying reflective and diffractive effects. Lightning
protection was deemed necessary due to the large radome size and the
viulnerability of the enclosed antenna systems. The lightning protection
developed is unique in that internal conductors are used with diverter

• - probes through the wall to the exterior surface which also act as con-
ductor attachments. Numerous advantages accrue from this approach such

J as reduction of thermal problems, minimization of maintenance due toKflight environment deterioration, etc., however most important is the
elimination of aerodynamic drag created by an external system and the
capability of designing the hardware to achieve minimal blockage of the
"radiated energy without regard to the normal aerodynamic constraints
of an external system.

The pattern configuraticn of the diverters on the radome is illustrated
in Figure 8.

The energy blockage, reflectiun, and diffraction caused by this
metallic hardware obviously introduce phase and e..ilitude variances
which affect l1l radiation characteristics - antenna patterns, reflec-

.- tion, beam deflection or boresight error, and transmission efficiency,
the latter two generally being the more critical. Transmission losses

-.have sometimes been calculated simply by considering the effective blocked
area of the:••-r=r apeu, however empirical results show wide deviations as
. function of the relative anomaly size and shape, proximity to the aper-

-ture, and orientation of the electric field vector. At least qualitatively,
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effects should be diminished by minimizing the object or anomaly size.

Loss estim•ta in this case were based primarily on previous
........experiee obtained on other diverter systems and interference problems

encotered with pitot-static tubes, wires, etc. The parabolic antennas
.shoulO be virtually unaffected, however the interferometers, may suffer

_-attenUA ons up to 10% as shown in Figure 9 where the loss is plotted as
-a function of the angle formed by the electric field vector and the

plane of the diverter. Fortunately the diverter orientations provide
"* for minimal loss around the critical 00 azimuth region while the' maxi-
S mum effects should occur only at the greater azimuth offsets. The

small effective aperture of the station keeping array coupled with
-.-. its vertical polarization dictated termination of the buttline 0 diverter

in the primary window region (+150 elevation angle of arrival) however
"the radom unprotected surface-distance was less than 300 and no wall
"punct s were encountered in the lightning tests.

The st ringefit dplrelectrical requi reients precluded use of any
metallic itrs in the window area, consequently this region was protected
solely by the peripheral strip shown in Figure 8..

Another possible source of electrical degradation is obviously diver-
"agence of the fabricated wall from the theoretical wall and flat panel
saMples. Every effort was made to minimize these effects by carefully
selected lay-up patterns, minimua overlapping, closely controlled honey-
comb thicknesses, use of pre-impregnated cloth, high quality vacuum cures,
etc., nevertheless "ome deviations were expected due to the extreme size
and the 6mber of layers in the radome wall...

Evaluation of limited electrical test data to date indicates that
the C-sandwich'doppler door has exhibited transmission, boresight error,
and ref'ft I ',n characteristics well satisfying the specification require-
meats. On the nose ratome, transmission appeared good at X-band while
i* minimums fell below the 80% value at Ku-band. Beam deflection on

both parabolas was well below the 3 milliradian maximum and 1 milliradian
WMS requirements, however interferometer boresight errors appeared to

be running. higher than expected, indicative of the importance of aperture
size and the phase center separation. Relative to testing, the complexity
and number of antennas coupled with the radome's size dictated a special
test range consisting of actually two ranges (1000' and 300') to provide
the necessary far field illumination and power levels for the various
antennas and tests. The radome holding fixture becomes a large multi-_'axis device capable of simulating aircraft roll, pitch, and drift
movem.nts about a number of gimbal points (Figure 1). Beam or null'
seeker movement for detection of error magnitudes becomes excessive at
"t. 1000I range distance, consequently an electronically calibrated
system was selected to avoid mechanical movement and the error resulting

-, - from such systems. Also, the extreme azimuth scan limits necessitated
the developl•nt of a precision counter-rotating antenna movement and
mount.

o.. ... . . ... •.
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The MSA radoma el ectri cal program has then indeed been a unique"challenge I- from the design study discussed herein and resulting
It rin nt physical tolerances necessary to achieve adequate electricalPC efoiuine for the multiple antenna apertures and characteristics
through the development of a special* lightning protection systew to theSOutMOW Of the range testing problems occasioned by the large radomeand anteunna aperture sizes, the antenna 91 nbal ing locations and the
azinith scan requirements.

WQTIONS AND DEFINITIONS

Th pimr mathematical expressions and associated symbols anddefinitions utlized in the C5A Nose Radome electrical design are aslisted balmw.. TheU various equations were manipulated, combined, etc.&S noted I n thtext: to provide the most Convenient form for compute;
progamsing or the specific operation to be performed. These expressions
MaY also be foun in the appropriate references of this report.

Tan 0 1 Tan 94Bin C 2

Tan ~Tan 0Cos C (3)

. At

Aj 81

1- (In2 Si )

- 5n 2 *

"A* -
'4 _____(T)
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T.an (8)

Lj 2 (e'i -Sin 2 e)

2 w di [eis2 el 1/2 (9)
e AO

(1-ri 2 ) e -*i Li e J~t

T (10).2 -2*1 li 2j~i1-ri e e

-ri (z-. - 2e i Li e 23*j)R = (3.)
2  -i lie* 2L i

l-ri e

2 di Cos - ARG T (12)

0

TA TB -A =:_•B(13)

TAB 1-A RARB

2
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2
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OL aPerpendicular component of incidence angle; the angle
measured between a ray and the component of the normalto the radome surface (at the ray-surface intersection)

... . which constitutes a plane perpendicular to th6 electric
field vector.

jj O Parallel comonentthe incidence thge; the togl theaue• ;•iiii .between a ray and the comonent of the normal to the radome

surface (at the ray-shface intersection) whch constitutes
Ia plane including the electric field vector and the rayS-• •.....itself.

. " True incidence angle - angle between the incident ray and
the normal to the radome surface at the point of inter-
section of the ray and the radome vall.

L Design angle of incidence; weighted average incidence
angle; defined by equation

Polarizing angle; the angle between the plant of incidenc
S .and the electric field vector.

Ai A normalized numerical coefficient denoting the relative
size of the antenna aperture area representf-d by the ith

I ~ray.*
Si. Weight factor describing relative power of the ith ray;

, the fraction of maimon power emergent from the area
elementS A1.

'&- elAtive diel~ectric constant of the ith layer.
•v• i tt a: l o L -:oss tanent of the ith layer; a measure of the ohmic

(heat) loss or energy absorption of microwave radiation

by the material.

: - Free space wavelength in inches for a prescribed microwave
. frequency, f.

d = Physical thickness of the ith layer of material.

'T - Amplitude transmission coefficient.

T Amplitude transmission coefficient through layer A.
AT

S. Amplitude transmission coefficient through layer B.

aAmplitude transmission coefficient through layers A and B.AB

i2 ' -Power transmission coefficient.

R a Amplitude reflection coefficient.

R w Amplitude reflection coefficient through layer A.DA

j~q-~jI~ 9L
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SB a Amplitude reflection coefficient tko-ugh layer B.

BAB - Amplitude reflection coefficient through layers A and B.

R2  - Power reflection coefficient.

4ei - Effective power transmission coefficient for the ith ray.

!? = Average power transmission coefficient for the antenna inAV a given scan position.

A * Insertion phase delay; the phase difference which occurs
when an air path is replaced by a pbysically equal dielec-
tric path.

/ / A =Perpendicular component of the insertion phase delay.

All = Parallel component of the insertion phase delay.

0i a Incidence angle of the ith ray emergent from the antenna
aperture in a given offset angle.

2
T 2 = Average power transmisson coefficient, perpendicular
LAV polarization, for the antenna in a given scan position.

T2  - Average power transmission coefficient, parallel polariza-NAV tion, for the antenna in a given scan position.

al = or is defined by equation (5).

al'n or is defined by equation (6).

Li = or is defined by equation (8).

= or is defined by equation (9).

r i =The interface reflection coefficient; it is a measure of
the reflected energy relative to the incident energy at
the ith dielectric interface.

T = The perpendicular component of the amplitude transmission
coefficient.

T11  The parallel component of the amplitude transmission
coefficient.

1.. • = Perpendicular polarization; a condition occurring when the
electric field vector of radiation impinging on a surface
is orthogonal to the plane which includes the incident ray
and normal to the surface at the point of intersection (plane
of incidence).
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Ii *Parallel polarization; a condition occurring when the
eleettric field vector of radiation impinging on a our-
face lties in the plane twhich includes the incident rayr
and normal to the surface at the point of intersection
(place ot incidence).

i, is one of atotal number, n, of similar parameters or
Quiantities.,

a saummation of the ith quantity as i varies from 1to n.

b ne of the twro imaginary square roots of -1.

w*a notation for a aegnent of a period, cycle, etc; the
ratio of the circumference of a circle to its diameter;

*the~value is 1800 or 3.14159*...radians.

Iathe "exponential", the base of Naperian Logarithms; its
ývalue to the nearest thousaudth: 2.718.
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ABSTRACT

Results are presented on the design, development and test. of an in-flight
(capti've) removable, protective cover for missile nose cones. Areas
investigated include selection of skin, backing, and junction block
materials in addition to selection of a suitable pyrotechnic system
capable of fragmenting the nose cover. Model caps were fabricated and
tested and the results are presented. Rocket sled test runs were
conducted at velocities up to Mach 1.5 with the velocity sustained
during nose cover ejection. Results of these tests are presented.

INTRODUCTION

A problem exists where missiles are not carried in the bomb bay but are
mounted externally to the aircraft and are continually exposed to thme
elements aLnd repeated flights until fired. The nose cones of these
missiles are not only subjected to rain ercsion, but to the more drastic
conditions of impact and abrasion from stones, sand, dust, mud and other
debris thrown up by the landing gear from preceding aircraft during each
take-off and landing, particularly on unimproved airfields. The object
of the work reported here was to develop techniques tc provide a remov-
able cover for protecting these missile radomes against damage of this
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type until just prior to launch. The design techniques developed are
intended to be applicable to not only radomes but infrared dmes and
glass domes used in optical guided missiles.

Three operating environments are to be considered in the overall scope
of the program. These are for missile radomes which, during captive

r flIijht, will see temperatures up to 250F, 4000F, and 6006F. This paper
d wi" Lth the first temperature range only, namely, -401F to +250*F.
Candidate materials for the 400OF requirement cover Include a cross-
linked polyethylene skin and a silicone foam.

,. ISC ION

Certain design goals were established at the beginning of the program
pe;'taining to the capabilities and requirements which the protective cap
most met. These goals are as follows:

1. The covering shall protect the missile nose cone from erosion
caused by dirt, sond, mud, stones, rain, hail, and other
debris.

2. The covering shall protect the nose cone in such a way as
to insure reliable operation upon its removal.

3. The covering shall be removable in flight prior to arming
and firing of the missile.

4. The covering shall add a mt~imun of aerodynamic drag and
weight.

5. The coverings shall withstand temperatures of from -40OF
to +6006F.

6. The covwrings shall have a minimum operational life of
1000 hours.

The basic design selected for the protective covers is shown in Figure
1. The diagram shows a thermoplastic outer skin, a foam backing with
linear shaped charges, and a pyrotechnic detonator to fragment the
prntecti ve cap at the time of removal.

Materials Evaluation

Thermoplastics were selected over reinforced plastics, metals or ceramics
as potential cap materials. The major disadvantage of metals in this
application Is the potential hazard to control surfaces of the tail
section of the aircraft, fins of missiles, and jet engines of the plane
when such a metal cap was jettisoned. Ceramic coatings would tend to
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chip and delaminate upon impact in addition to causing severe damage
and abrasion to jet engines if drawn into the intakes after ejection.

Several thermoplastic materials were evaluated as candidates for the
protective cap skin for the -40F to +2506F temperature class. The.
candidates, selected an the basis of the manufacturers recommended
continuous service temperature, were polyphenylene oxide, polysulfone,
polycarbonate, polypropylene, cross-linked polyethylene, and CTFFE
fluorocarbon. Fabrication processes, such as vacuum forming and
laminating, wore studied and established for the materials which were
found promising.

Tests conducted nn these materials included impact resistance, abrasion
"tlaii~t~y, solvent resistance, and rain erosion resistance. The

reults of these tests are shown in Table 1.

Charpy impact strengths (unnotched) were determined in accordance with
-ASYN procedure D 256-56. This test was used to determine the susceptib,
Ity of the candidate materials to fracture by shock. The amount of enei
expended in breaking the specimens was recorded. Two materials, cross-
linked polyethylene and polycarbonate, stand out in impact strength ovei
the other materials.

"Abrasion resistance involves impacting the specimen with an abrasive
under high air pressure. In these particular tests, the specm ens were
exposed to a silicon carbide grit of 30 grams/second in an air stream
under 20 psi with perpendicular impingement and a nozzle distance of 3
inches-fron the specimen. All of the aLrasion indices are acceptable.
The polycarbonate and CITE indices are very good while the cross-linked
polyetlylene value is quite exceptional.

Table I also shows the flammability characteristics of the various
candidates. All are either self-extinguishing or non-flammtable except
for polypropylene which was slow, burning. Based on this result and the
low impact strength, polypropylene w&s dropped as a candidate material.

Rain erosion resistance was one of the principal criteria for selecting
the skin material. Leading edge specimens were prepared and tested in
a whirling arm fixture at 500 miles per hour in a simulated rainfall of
2 inches per hour. The results show cross-linked polyethylene as clearn
outstanding in comparison with the other candidates.

In addition to thee tests, the candidate materials were also tested
for solvent resistance. The solvents used were:

Vydraulic Fluid
Anti-Icing Fluid (984% Isopropyl Alcohol)

JP5Fuel
JP-4 Fuel
Lubricating Grease
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The: results of these tests showed all of the materials to be largely
unaffected by the solvents.

Based an the data shown in Table I and also commercial availability,
low cost* and ease of fabrication, cross-linked polyethylene was
selected as the protective skin material for the 250OF temperature
class.

BjAcina Eval uatioan

74,Th principal candi dates for the 250F design were setl-rigid polyurethane
TWpurpose of the foam backing is to protect the missile nose

co Mirn the shock caused by detonation of the pyrotechnic system and to
absorb the impact caused by stones, sand, etc.

The criteria for selecting candidate materials were:

1#. Temperature'resistance
2., Solvent resistance
3. .Compressive set
C4. Flame retardant,

Polyurethaneý foam formulations frcu several manufacturers were evaluated.

-The sam solvents were used on the foams as on the skin materials. Each
solvent was brushed onto a foam sample and exposed to 250OF for 8 hours.
None of the solvents showed any noticeable affect on the foams.

Compression set was used as the principal cri teri a for selecting the
-backing material. Compression set Is the measure of a material to return
tWits original dimensions after exposure to environmental conditions.
Specific conditions employed in these studies were placing the foam
samples under a sustained load of 20 psi for 8 hours at 2500F. This
loading duplicates the most severe loadin in application due to aere-
4ynamic pressure at the cap nose. A low compression set value was desirable
so that if the protective cap were to receive impact from stones, sand,
e tc., the foam would absorb the impact and return to its original con-
th test, a urethane foam formulation was obtained which produced a

copression set value of 10% under the &bove stated conditions. This
was considered an exceptionally good foam.

"yrtechnic Evaluation

The third component of the protect~ve cap Is the protechnics, which
consists of a detonator and linear shaped charges (LSC). The function
of the detonator is to initiate the-LSC and open up the nose of the cap.
All of the cutting actlon co=; fro, the LSC. The charge in both the
detonator and LSC is cyclotrimethylenetriniti-i~ne, or cineonly known
as RDX.
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Linear shaped charges having 3 grains charge per foot and detonators
containing 1.9 grains of charge were evaluated. Figure 2 shows the
pyrotechnic system. The detonator will not fire under 0.5 amperes
for 5 minutes, but 2 amperes will fire it instantaneously.

The detonators and LSC were tested for themal and environw'ental pressure
stability and cutting efficiency. Specimens were fabricated from skin
and backing materials and from LSC as shown in Figure 3. The specimens
were cycled from -40°F to +250F to 2-40*F. Environmental pressure was
maintained at approximately 1 lbfin2 at temperatures between R.T. and
2500F. This pressure corresponds roughly to 60,000 feet of altitude.
The pressure was allowed to return to normal (approximately 15 lbs/in2 )
at temperatures between -40°F and R.T. Each complete cycle took approxi-
mately one hour. Specimens were fired at 2500F and -400F after 1, 3, and
10 cycles. All of the detonators and LSC were successfully fired. The
LSC cut all skin specimens cleanly. These tests showed that the 3 grain/
ft. LSC has a sufficiently strong detonation wave to cut through 0.100
inch skin material and also maintains its stability at 2500F. As a
result, the pyrotechnics used in these tests were selected for use in
250°F temperature protective cap.

Junction Block Evaluation

The Junction block is the final component of the protective cap. It is
located at the nose of the cap and its function is to securely hold the
detonator and LSC in place and to assist in opening the skin at the nose
to create aerodynamic turbulence.

Materials tested as Junction block candidates were epoxy, phenolic, and
Polymer 360 castings and rigid polyurethane foam. The candidates were
formed into blocks and assembled so that the four of them made a square.
A high powered detonator vas inserted in the center so that each candidate
was in contact with the side of the detonator. A polycarbonate sheet was
secured over the assembly. The detonator was fired and the blocks examined
for type and severity of fracture.

The rigid foam was destroyed completely but did nothing in the way of
damaging the polycarbonate skin. The epoxy casting and Polymer 360
casting were successful in their own degree of fragmentation and in the
destruction of the skin. As a result, the epoxy casting was arbitrarily
chosen for this design.

Model Testing

Models of the protective cap were constructed and tested. The purpose
of these tests was to determine the dispersion trajectory of the skins
and foam. It was learned from these tests that the foam has to be pre-
cut if it is to be blown free of the nose cone.

1
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A preliminary radome and protective cap were selected and parts were
fabricated. The overall length of the cap and radome was approximately
15 inches. This consists of a 3 inch cylindrical section and a 12 inch
ogive section.

Two fiberglass reinforced epoxy rcdW as were fabricated along with
polyurethane foam backings and cross-linked polyethylene skins. The
skins, approximately 0.100 Inches thick, were made by laminating in a
female mold. A vacuum bag was applied to the lay-up and the assembly
placed in an oven at 275OF for 24 hours. This fused the plies together
and promoted cross-linking of the polymer.

Semi-rigid polyurethane foams were made using the polyethylene skin and
glass reinforced radome as female and male molds, respectively. This
provided a perfect fit between the radome, foam, and skin.

Figure 4 shows the protective cap and radome. At the left is the cross-
linked polyethylene skin. The foam is in the center with the pyrotechnic
system in place. The lead wires can also be seen running from the
initiator down the side of the cap. The radome is shown on the right
mounted on the attach ring. Figure 5 shows the assembled system.

The two radcmes and protective caps were delivered to Holloman Air Force
Base for rocket sled testing. Test runs were conducted at Mach 0.6 and
Mach 1.5. The test velocity was sustained during nose cover ejection.
High speed photography was used to study the break-up pattern of the
covering and the size of the fragmented particles. Figure 6 shows the
protective cap and the radome mounted on the rocket sled prior to testing.

Both tests were successful in that the protective covers were blown free
of the nose cone with no damage occurring to the cones. The covers were
fragmented into numerous pieces, all quite small in size. The LSC network
cut through the CLPE skin and separated it from the rest of the system.
The pre-cut foams were blown away by the aerodynamic turbulence.

Additional tests are being planned through a 6000 foot rain field prior to
firing the cover at velocities of Mach 1.5.

CONCLUSIONS

A successful protective cap has been developed which will offer protection
to missile nose cones against the various types of impact which may be
encountered, but most important is the ý4rotection offered to the missile
radomes during captvia flight from rain erosion. The broadband performance
required for ECM type missiles today indicate that low dielectric constant
materials, which are susceptible to rain erosion, will be required for the
best electrical performance. The protective cap can now eliminate the rain
erosion problems during captive flight. Concepts sich as the aerodynamics
spike and/or thin ceramic rain erosion coatings can provide rain erosion
protection to the radome for the short periods of time involved while it is
performing its mission.
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DUAL MODE RADOME MATERIALS RESEARCH

R. A, Miller

Pomona Division of General Dynamics
P. 0. Box 2507

Pomona, Calif. 91766

ABSTRACT

This program was initiated to de. iop a radome/irdome material
capable of operation in both radar (x-band) and infrared frequencies
(1 - 5.5 microns).

Three types of materials -- single crystals, polycrystalline
bodies, and glasses -- are discussed with regard to dual mode
capabilities. Properties of specific materials within each
classification are presented showing their limitations.

Criteria for the development of a glass for dual mode operation
are presented. The most promising glass families are those containing
germanium oxide as the glass forming constituent. This is based on
the fact that the practical infrared cutoff of GeO2 occurs in the
range of 6 microns. Also, germania glasses can be formulated With
relatively low thermal expansion.

Based on the criteria presented for developing low thermal
expansion glasses with infrared transmittance to 5.5 microns, several
glass compositions were melted. Compositional variations and the
resulting effects on infrared transmittance and thermal expansion
are presented. Compositional variations investigated include substituting
MgO for BaO, varying the total alkali metal oxide content, and varying
other constituent oxides such as Ti02 , ZrO2 and A1203. Other properties
of the glasses developed such as dielectric constant, loss tangent, and
index of refraction are listed.

Silicr, and B2 0- were added to germania glosses in small quantities
to show the detrimental effect on infrared transmittance and the helpful
effects of lowering thermal expansion.

1. INTRODUCTION

The dual mode concept of a missile system capable of operating
in both radar and infrared fzequencies would make countermeasures very
difficult. The radar would bring the missile close to the target and
the .nfrared would do the final homing. This type of system ýWould
give greater target resolution and thus greater "kill potential".
If the antennas and detectors are to be located together in the nose
for this type of missile system, the use of material transparent to
both R.F. and I.R. energr becomes necessary. The development of a
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satisfactory radcme/irdoMe material capable of fulfilling this need
would provide a new impetus for designing new missile concepts. Most
"materials do not exhibit the properties required for both systems;
thus there oust be a aompromise. The technology of rad~me materials
is much more advanced than the technology of infrared domes. Unfor-
tunately, materials now being used for radar will not transmit infrared
oenergV so the concentration should be on locating infrared transmitting
materials that will work for radar frequencies. It was decided to
place the emphasis on developing glass compositions for dual mode
purposes.

In formulating a glass for dual mode use, several factors must
be considered simultaneously. These are the requirements for glass
formation, the necessity of infrared trarsmittance from 1 to 6
microns, a low loss tangent at microwave frequencies and a low
thermal expansion coefficient to impart good thermal shock resistance.
When these desired features are considered independently, no diffi-
o-tulty is encountered. For example, a 100 percent silica glass has
one cf the lowest lose tangents and one of the lowest thermal
expansion coefficients of glasses, and is a common material used
for glass formation. However, the maximum infrared transmittance
that can be expected of a silicate network is 4.5 microns. This
is due to the absorption caused by the Si-O bond. Thus physical
property trode-offs become necessary when selecting glass compositions.
The water absorption band between 2.75 and 3 microns is an additional
problem in developing a good infrared transparent glass.

2. YATERTAIS CURRELY AMAILABLE FOR DUAL MDE USE

A literature search for materials for use in a dual mode
capacity for both infrared and radar frequencies revealed that
very little work has been done. Thus the majority of the search

* ~was coancentrated on materials for infrared use.

Hateriels for infrared operation can be classified by useful
"wavelength regions, or by type of material. Three general wavelength
regions are usually quoted for the military infrared. The terms that
have been generally accepted are near, intermediate, and far. The
near infrared region extends from a wavelength of 0.75 to about 2.7
microns, the intermediate region from 3 to 6 microns, and the far
infrared region from 8 to 13 microns.

The three general types of materials that will be discussed
are single crystal, polycrystalline bodies and glasses. There are
mamy single crystal materials, both synthetic and natural, that are
used for infrared instrumentation. Requrements tha-t =st be met
for dual mode dome materials are hirh ;aeiting points, weather resis-
tance, i.e., low degree of solubility in water, and desirable thermal,
mechanical and electrical properties. Using these criteria, the
search for single crystal materials was narrowed to sapphire, spinel,
magnesim oxide and magnesium fluoride. Table 1 and Figure 1 present
the dielectric constant .IR transmittance and size limitation of
thdse materials.
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Figure 1. Transmittance of Single Crystals
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,MIATERIAL DIELECTRIC FREQUENCY -TRANSM[SSION4 SIZE 'LIMAIT
CONSTANT., (CPS), 6 p) DMES (DIA.)

SAPPHIR~E lo55 u ~ 1 0.17;.- 6.5 3 INCHES
(A1203) S.6 A -O 1010

SPI4EL 9 TO 9 0.9 -6.0

9VAkSU .5 .1010 0.25-'8.5 1 INC

MAGNESIUMk 4.87P
FLOIE AA 10' 10' -0.11 -7.5 1 INCH

'P -MEASURED PARALLEL TO C.AXIS
A - EASURED PERPENDICULAR TO C-AXIS

Tab&eI. Single Csysftl matorials for DWI al No.Operatio
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The two main limitations of the single crystal materials are
size and cost. Laboratories throughout the country have been attempt-
ing to grow large single crystals of most of these materials. The
Karshaw Chemical Company indicates that they are currently working
on producing single crystals of magnesium 1lioride 3 inches in
diameter, approximately 1-3/4 inches tall. 1 ) The Linde Air Products
Company manufacturers sapphire blanks that are large enough for 3
inch diameter domes an! hemispheres., Their aim is to be able to
make 6 inch diameter hemispheres. Price lists available for these
materials show their cost to be extremely high, even for the small
sizes presently available. Even if the state-of-the-art of crystal
growing were to be improved so that larger crystals became available,
it is highly unlikely that the cost could ever be justified. Improve-
ments of both polycrystalline materials and glasses have been made
recently which provides materials as good as the single crystals but
at much lower cost.

The development of hot pressing and pressing and sintering
polycrystalline materials to dense compacts has expanded the range
of materials available. Of the materials reported, aluninum oxide,
magnesium oxide, zinc sulfide, and zinc selenide can be considered
candidates for dual mcde operation.

'ot oressed molvcrvastalline magnesium fluoride is available
commercially from Eastman Kodak Company (Irtran I) and Bausch and
Lomb, Inc. (IR-51). Mgnesium fluoride has a useful IR transmittance
range from 0.45 to 9.2 microns and a relatively low dielectric constant
of 5.1. Eastman Kodak Irtran II, a pressed and sintered zinc sulfide,
has a long wavelength limit of 14.5 microns with a dielectric constant
of 8.0. Another development of Eastman Kodak Company is hot pressed
zinc selenide. This material was developed under Air Force contract
and extends the useful IR transmittance range to 20 microns. No data
is available on dielectric constant of this material.

General Electric Company has developed and patented transparent
aluminum oxide that looks very good for the near and intermediate
IR ranges, having good transmittance to 6 microns. Coors also has
a transparent aluminum oxide. Transmittance curves for the poly-
crystalline materials appear in Figure 2 and properties are tabulated
in Table 2.

Glasses can be classified as either oxide or non-oxide glasses.
Extensive work has been carried out in the past few years in extend-
Ing the useful infrared range to 15 or more microns. These studies
have concentrated on the non-oxide forming glasses with one or more
components from the chalcogen group (S, Se or Te).

There are several reasons why the non-oxide glasses are not
useable for Cual mode domes. In general, the softening points of
these glasses range from 90 to 4500 C. For most of today's high

* speed missile systems, these temperature limits are exceeded. One
of the required features of a material for dual mode operation is

0
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PROPERTIES MAGNESIUM ZINC ZINC
__FLUORIDE SULFIDE SELENIDE
DENSITY GM/CC 3.18 4.088 5.267
KNOOP HARDNESS (100 G) 576 354 150
MODULUS OF RUPTURE (PSI) 21,800 14,100 6,700
MODULUS OF ELASTICITY (X 106 PSI) 16.6 14 11.5
POISSON'S RATIO 0.30
EXPANSION COEFFICIENT
IN/IN/IF X 10'6, RT TO 600"F 6.4 4.2 4.3
DIELECTRIC CONSTANT

"1 MC
900 MC 5.1

1100 MC 5.1
8600 MC 8.0

LOSS TANGENT
1 MC

900 MC 0.0010
1100 MC 0.0010
8600 MC

REFRACTIVE INDEX
0.4861L 2.786
0.65611 2.578
1.014pL 1.378 2.290 2.491
1.5901L 2.269
2.1531 1.371 2.262 2.446
6.23811 1.312 2.236 2.426

Table 2. Properties of Polycrystalline Materials for Dual Mode Operation
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low thermal expansion to provide good thermal shock resistance.
-he non-oxide glasses have expansion coefficients ranging from
90 to 360 x i0-7 in/in/OC. Because of their poor thermal properties
for dual mode purposes, infrared transmittance curves for non-oxide
glasses are not presented in -4his paper.

Figure 3 compares the transmittance of a number of commercial
, .$.nfared glasses and Table 3 cca res the-properties. Fused silica.
!aaprepared by' General Electricr4) has a wavelength limit of 4 microns.

' " T"Wt is to,be donsidered:ont of the best choices for dual mode tse
A • / •+in the n ifrared region. It has the best thermal shock character-!

iUtics of any material, due primarily to its .extremely low thermal
expansion. The dielectric constcat and loss tangent changes very
li:tle UP td 200CFo -The ban i•mitation is-,the infrared wavelength
cutogt. , Corning Code 9753 silicate glass extends the transmitance
range•to I4.5 microns. This is about the best that can be achieved.
with a silicate system.' Improvements can be made by reeplacing' silicon
with a larger network forming cation or one of lower field strength.
Also sabm in Figure 3 and Table 3 are the properties of non-sili6ate
glasses. Corning Code 975 is a new germanate glass., It has some-
outstanding advantages over other silica-free glasses, As can be
sees fron the transmittance curve, it is free of the typical water
absorption between 2.7 an 3.0 microns, and can be made without
"-the use of expensive vacuu% procedures. It has the lowest expansion
of the non-silicate glasses. One other non-silicate glass of interest
for dual mode purposes is the calcium aluminate glass. It has a
larger transmittance range than does the germanate glasses, but shows
the typical water absorption at 2.7 microns. The thermal expansion
Is a little higher, and' it is less weather resistant. The limiting
factor in Improving the properties of the calcium aluminate glasses
' -i the fact that they have a narrow composition range In the vicinity
o- l2Ca0'7A12 03 and they tend to be unstable.

.:U, cost and size-limitation of single crystal materials as
noted above' eliinate their consideration for dual mode operation.
Even though the hot pressed polycrystalline materials exhibit pro-

.perties that are amenable to dual mode purposes, it was decided to
investigate the low expansion germanate glasses. It is believed that
"the most promise for the best possible material lies in this area.

3. CONSIDERATION FOR DEVELOPING DUAL MDDE GLASS COMPOSIMI011S

One of the primary goals is to achieve at least 80 percent
infrared transmittance from 1 to 5.5 microns. Since the majority of
targets: for missiles with dual mode capabilities will be hot, a large
portion of the emitted energy frmn the target will be in that range.

-The refractive index of glasses generally range from 1.3 to about 1.8.
One disadvantage of a high index of refraction is that infrared
reflection losses are increased. This problem can be alleviated
somewhat by coating the dome with an anti-re-flection coating having
an index of refraction equal to the square root of the substrate index.
Also desirable is a small change in index of refraction with wavelength
(dispersion). The dielectric constant and loss tangent should be as

"16
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Figure 3. Tranimittance of So lected Grasses
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PROPERTIES FUSED CORNING CORNING CALCIUM.
__________________SILICA CODE 9753 CODE 9754 ALUMINATE

DENSITY GM/CC 2.2 2.8 .3.35 - 2.9
KNOOP HARDNESS (100 G) 640 658 560 6W0
MODULUS OF RUPTURE (PSI) 8,000 8,000 7,240
MODULUS OF ELASTICITY
(X 106 PSI) 10.4 14.3 13.6 -15.2pPOISSON'S RATIO 0.16 0.28 0.29 0.287
EXPANSION COEFFICIENT
IN/IN/*C X 10-' RT - 300*C 0.54 S.95 6.36 8.3
DIELECTRIC CONSTANT

1 Mc 3.8 8.87 10
90MC 3.8

1100 MC 3.8
860mc 3.8 8.27 9.6

LOSS TANGENT
J MC 0.0004 0.0025 0.0014

90 JAC
1100 MC

L 8600C 0.0002 0.0110
REFRACTIVE INDEX

0.46,1.613 1.670
0.6561t. .1.602 1.656
1.0141
1.590,1 1.458 1.605 1.669
2.153, 1.628
3._ _ _ __ _ _ _ __ _ _ _ _ __ _ __ _ .615 _ _ _ _ _

Tablo 3. ProponIks of Glasses for Dual Mod* Opeamtion
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low as possible. A low dielectric constant v.4l. redun-e RF reflection
losses and enablt a thicker mechanical wall ;o sithstaal higher
mec~hanical and thermal stresses. Another goa3 is to have as low
a thermal expansion as possible to resist tbermal stresses due
to aerodynamic heating. To achieve these goals or to approach
them, several tradeoffs have to be made.

One of the most important considerations in the development
of a dual mode material is tae IR transmittance. For the purpose
intended, a transmittance of 80 percent from 1 to 5.5 microns is
desired.

The absorptign of infrared energy in glasses depends on
atomnic vibrations '5)nd is expressed by the formula:

where -V frequency (1)

f - force constant between ions

4k reducad bass

For absorption to occur at lower frequenny or longer wavelength,
the mass of the ions should be high, and attractive forces between
the ions should be low. Although this is an oversimplification, mass
and bond strength can be used to allow a rough prediction of certain
elements on infrared absorption.

Table 4 shows the fundamental absorption wavelengths for several
oxides. The actual transmittance limit for oxide glasses in ordinary
thicknesses is determined by absorption in the first overtone region
which places the practical limit at 3.4.to 7.5 microns.

Silica and B2 03 are the most common glass forming oxides used in
glass formulationes. However, the Si-O bond causes a large cutoff
absorption centering around 5 microns. For this reason most silicate
glasses have a useful IR transmittance of only 4.5 microns. The
practical limit for B2 03 glasses is somewhat lower, hence it is not
corsidered for IR glass formulations. Tellurium oxide and antimony
oxide networks would give the best transmittance of the glass formers
when considering only the fundamental absorption wavelength. However,
the glass forming ability of antimony oxide is rather limited, and
the glasses are not very stable. Both tellurium oxide and antimony oxide
glasses have poor thermal shock characteristics and poor chemical
durability. Germanium oxide has better infr%red transmittance properties
than SiO2 and B203, but not as good as TeO2 and Sb203. The thermal
and chemical properties of GeO2 glasses are superior to TeO2 and Sb2 33 .
Germanium oxide glass, thus, was chosen for extensive investigation
to meet the requirements of a dual mode material.

1l9

-. 18



OiXIDE WAVELENGTH

GLAS FORMERS B203  7-8
S102 9

Y203  10.5
ý2' 11.2
502 11.5

W03  1.
Au2O3  12.5

S6 2 0 3 13.5
T002 13.5

INTERMEDIATES Boo 11-14
A1203  13.5
znO 2

MODIFIERS L120 7

zg 14.S
COO 22
Pbg 3M

IMPURITES FoO I- u
M________ 20 2.7-3.0

Tokld 4. Fundauontr I Absorption Vavoloergths of Oxidos
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One disadvantage of most glasses for high speed missile appli-
cations has been poor thermal shock resistance. Several authors have
developed expressions rating the relative thermal shock resista'ce
of ceramic materials. Most of ý.hese equations use only material pro-
perties without regard to environment. Manson (Ref. 6) developed an
expression relating the temperature differential through which a
material can be qu2nched with the environment. The expression is:

max= 6 (1.5 + 3.25 1-0.5e"16 (2)L

where:

Tog max = initial tempe:'ature less temperature
of the medium in which it is immersed
(assumed to be zero)

:7- = strength
I4. = P-isson's ratio
E = Modulus of elasticity
oC = Thermal expansion coefficient
A = Biot's modulus

0arid:A=
k

where: a - One-half the thickness of material
h = Heat transfer coefficient
k = The.-real couductivity.

The most effective means of increasing To, max, i.e., improving
thermal shock resistance, is lowering the thermal expansion coefficient.
Several investigators have correlated the relationship that exists
between thermal expansion and chemical composition of glcsses. The
earliest efforts were those of Winkelmann and Schott in the 1890's,
who developed a set of expansion factors to calculate thermal expansion
from the glass formula weight.

The erpression 3ot = alp, + a2 p2 + -- - anpn (3)

where: 3 c = Cubical thermal expansion coefficient
a = Expansion Factor which is constant for

eacd component
p = Weight percent of component,

as developed assumes a linear relationship. Several investigators have
developed th i. own xnasion factors, most of which are for special
compositionsZ7)(81-(9T(lO, T.rble 5 lists expansion factors proposed
by different investigators. The work by English and Turner was accomplished
with silicate glasses, but was fouad to bt the most appropriate fcr the
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M &H W&S E&T SI O-OnON _INIINIOC INIIN/C,,,iiN•C IN/Io/C 1
X 10-7 X 10-7 X 10-7 6-7

SiO 0.8 0.8 0.15 0.84
A1203 5.0 5.0 0.42 0.72
B203 0.1 0.1 -1.98 -1.80
No 20 20.0 .0.0 12.96 11.58
K20 8.5 8.5 11.7 9.6
SPbO 4.2 3.0 3.18
ZnO 2.1 1,8 2.1Scoo 5.0 5.0 4.89 4.08

-M9O 0.1 1 0.1 1.35 2.19
BOO 3.0 3.0 4.2 3,24
As20s 2.0 2.0
P20s 2.0 2.0I

TIiO2 4.1
ZrO2 2.1 2.1

SLi20 19.68

Table 5. Factors for Calculating Cubical Thermal Expansion of Glasses
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c........ glasses in this rroram.... Fror the fastors -, resente., in
-'abl,, 5, it can be seen that the alkali sconte'nt, i.e., K ant 1a_0,
should be as !ow as feasible to achieve a log thermal o
Silica and B20 3 , previously mentioned as producing a negative effect on
irn'rared trans•Uision, would impart the low'est -xansion.

Alkali ions in glasses give rise to high dielectric losses, -,,hich
increase as the number of ions present incieases. This has been ex-
plained by Navias and Green(ll) to be the result of modffica-ions of
the continuous atomic networks of the glass formers by 4-he additional
oxides. Alkali ions produce gaps in the continuous rrndom netw..ork.
The Ný--O bond is relatively weak, and the oxygen atoms adjacent
to each alkali ion are esednbially single bonded. The net effect
is that the alkali ions are weakly held in the interstices of the
glassy network. In a high frequency field these ions are easily set
into motion and consequently absorb energy giving rise to dielectric
losses.

Barium oxide and the other alkaline earth oxides, like the alkali
oxides, result in breaks in the previously continuous network. The
divalent charges and their large ionic diametars secure them more
firmly than the alkali ions to the adjacent atoms, causing them to
be less mobile. Ionic radii are listed in Table 6 for reference.
Rinehart and Bonino(12)pointed out that some oxides such as A1203
when added in small amounts to simple glass compositions redu.ed
losses, but in larger quantities increases losses. These i:;vstigatnrs
and others have concluded that as a general rule, increasing zhe numoer
of elements in the R2 0 and RO groups tends to decrease the dielectric
losses.

4. EXPERIMENTAL GLASS FOPRILATIONS

'lorence(13), Kreidl(14 and Nielsen(15) have investigated various
glass compositions containing germanium oxide. Based on the criteria
presented for selecting a glass composition to meet dual moae purposes,
it was decided to use Kreidl's composition 1A6235 as a starting point.
Kreidl's Composition 1A6235 was slightly modified and re-designated
GD 3471. Compositions investigated are listed in Table 7. All glasses
were melted in platinum crucibles in an electric furnace at 22000 F to
28000 F. The melted glasses were fined for 3 hours and poured into
desired shapes for property measurements and cooled slowly for annealing.

A summary of the measured properties appears in Table 8. The
calculated thermal expansion coefficients listed were calculated using
E & T factors. The measured thermal expansion coefficients were run
on an Orton Automatic Recording Dilstometer. T"e index of refraction
measurements were made by two methods, per ASTM D542-50. The dielectric
constant and loss tangents were measured by Delsen Testing Laboratory,
Glendale, California. The composition variables are listed on the
same table to facilitate comparison of property changes.
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A• A

L;+ 0.60 8e+2 0.31 AI1 3 0.50 B+3  0.20

:•:•~+ r+3S+401
No+ G.95 Mg+ 2 0.65 Cr 0.69 Si" 0.41

VK 1.33 Ca+ 2 0.99 Ti+ 1".68 Ge+4 0.53

Sr+2 1.13 Zr+4 0.80 0-2 1.40

Bo,2 1.35 To"s 0.73

Zn÷ 2 0.74

Pb+2 1.20

fable o. ionic •adiI
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The first three glasses show< the. effee1, of~~~h akl
content. G"D3!47. has a total of 3.6 ncm -J" )--,a:'3ha 8.7
perc,-.nt, and qD 3472 1has no alkali. r:ecplc-ulat ý' -

versu fK forc- t>o co. x~- Ii is xt7
coeff"icient wsreduce.d. frocm l4ý3 X lc)- in/'o 7.Xl-7Ii'2
The one meaos're~d value +'or this snries 1D 3473, w > 92 X 10-7 4i'n/i/!

tas ttneof G,_)-- 347-1 to GCl)1ý73 _hr, PabzC. !Di
at three iiro s due to t'ho ~r1rc- A1 ixatiC,
wate in the glass. ý a i crt~ t, in tr~- e:r A.
po int- of 'the ar)sor-otin ban!J is shilfte to 1O1e _
fnis shift has1 beý.n notý J, ie;zi hý a '11"ic
to an increased arm.uznt of ý na s
cutoff beyond 5 nicrc~rs ýor the w-'- ith thtý a7 ' oc'n
is thought to be cause(d. '_y thee~>e thieckn-sss c-2-1 sorot "ne
alkali variation.

Salrples :31 S'47)1 throu:-h GID 3~484 have incýreaso{: aoont f M
substituted f-_ 2aO. The ,-.iasured thermal tis
reduced fro-a 8). x 107 i/ii/ tos.3x3 7,
corres-pond.3, 1r.ry w.ll with the -rdi 1ed e-n ~
The index of refractlion inc~reas-3 to a rnaxl=! of 1-71 (limit of
Abbe refractonleter used f'or ths ný,zueets') -P1 an rcno1 ~le
pe'ceir'tage of Bar) and MC.0 and, H~creases, as mrnr 'IC Is a dd-A No
dielectric ccnstant' nlep.ure--e'ts nne ade fy Qh'! sere of
glasses. The effect of substitutinig P,ý) for aO On tnzý in-fzared
transmittance is sho-,rn in FLimre ý Little dJ f 1"-s in 1",
traLnsmittance w;ere roted, Tfie int-ensity -71ttac
increases slightly with 5ncreain'r _ý,ual rmolrý
ratio of MIgO and BaG is r-' -V .tion fccý -aG
shows a 3light decrearý the Ut t, nce. These
slight changes in tra_ I f s2.gnificpeý-i e;t e Tt
of backing up previous " at or s- who hat, Rcras
rnittance is improvedýI- I ioitt iij 11. il,, r! including

more than one manbý-r oi t FO1 0F

Figure 6 sho,.-r sevt,-ral infrare., 7D 3485Idemonstrating the effect of heat t U The
curves marked 6.. are samples mu a.d ci e samples mtarkel "t.
are samples melted with dry a' .g over- th~e surface. Tha argon
*melting definitely removes wut '-.the glass melt. The water

abso~ion and ncreacJ fsc-.*..,rcent (air) to 7U percent (aro)
Similar increases ar3 noted thi-oughout the tran,;mitting range. Botth
thin sar-oýles show an incroane in transmittance throughout the range
oand ha,--, ri longer wavelength cutoff. The two samplesý melted. in ar:gon
shown - gure 6 are the only samples so tr7eated. The balance of
sramples melted in air.

GD 348r is baied on GD 3484 except the alkali content is reduced,
from 8.7 peireent to 4 prrcent and the 'CaG content is increased from
3.3 percent to Q0 percent. The alkali cont;ent is further reducel in

samples CD 3486 and GD 34P7 to two perc!ent arid one rercent rcsp~ctively.

The data is not entirely consistent, but it can be stated generally
that the expansion is lowered w'A.th a reduction in alkali content anid
the index of. refraction and the dielectric constant increased. The
infrared transmittance curves shown. in Figure 7 indicate essentially
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S100
100 GLASS NO. TH!CKHESS UOMPOSITIP.1 VARIABLES

9 (MM) K20 Na 2 0

S_ GD 3471 1.93 12.0 4.0
Z GD 3473 3.17 6.5 2.2
U

: cGD 3472 4.21 0.0 0.0
o o. 60

6 _ -GD 3471

40 473

20 GD 3472

1.0 2.0 3.0 4.0 5.0 6.0
WAVELENGTH, MICRONS

Figure 4. Effect of Lowering Alkali Oxide Content
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10 GLASS NO. THICKNESS COMPOSITION VARIABLES

(MM) BaO MgO

80 GD 3474 4.47 10.9 1.'I

Ui GD 3478 4.47 6.5 5.5U

SGD 3484 4.55 0.0 12.0
GL 3478

40

S20 GD 3484 -

GD 3474

01,0 2.0 3.0 4.0 5.0 6.0
'WAVELENGTH, MICRONS

"Figure 5. Effect of Substituting MgO for BaO.
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NO. GD 3485
0. MELTED IN AIR

* ý .- MELTED WITH ARGON
ion FLOWING-OVER SURFACE

6;-' -4.11 MM b; t I.93#MM

80-

U

99 1 1 a; tt1.32MM loo
t2C 4p
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GLASS NO. THICKNESS COMPOSITION VARIABLES
(mm) K20 Na22 caG

GD 3485 4.26 2.0 2.0 8.0
GD 3486 4.06 1.0 1.0 10.0

GD 3487 4.04 0.5 0.5 11.0100 - - _ _ _ _

GD 3485 (1.73 MM)

GO 3485 GD 3486

°i f'
4 - GD 3 348 6

20 -GD 345

0 L

0.2 0.4 0.6 0.8 2.0 3.0 4.0 5.0 L.0
WAVELENGTH, MICRONS

Figure 7. Effect of Substituting CaO for Alkufi Oxides
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no changes occurred with reduction of alkali content.

The next series of glasses, GD 3488 - GD 3491, show the result
of substituting PbO for Ge0 2 . The thermal expansion increases as
does the index of refraction and the dielectric constant with
increasing ThO content. Lead oxide added at the expense of Ge02
depresses the IR transmittance slightly as shown in Figure 8.
The* ultraviolet transmittance, however, ir radically changed.
As the FbO content increases, the UV cutoff occurs at longer
wavelengths.

Theory presented indicated that B2 03 would decrease the thermal
expmnsion. In general this was found to be true. The expansion of
GD 3488, having no B2 03 , was lowered from 64.8 X 10-7 in/in/Oc to
61.1 X 1O-7 in/in/0 C for 6 percent %03 (sample GD 3494). Very
little effect on index of refraction was noted with B203 content.4A. Since B203 containing glasses would not be considered for dual

mode purposes because of infrared transmittance characteristics,
dielectric constant measurements were notmade. The effect of
B20 on the IR transmittance is shown graphically in Figure 9.
GD 3488 has no B2 03 and has transmittance properties similar to
the previous samples. As little as 2 mole percent B2 03 (GD 2492)

I effectively makes the glass useless for IR purposes.

i.. The substitution of TiO2 for A1203 (samples GD 3495 through GD 3497)
shows that the thermal expansion is increased. Quite lar3e Increases
occur in both the index of refraction and the dielectric constant.

I Samples GD 3498 and GD 3499 show the effect of adding ZrO2 in place
of A12 02. The thermal expansion is decreased while the index of
refraction and dielez4ric constant increased with added ZrO2 .
Variations of mole percentages of CaO, Al0 TiO and ZrO2 have

[ little effect on IR trausmittance as shown n gure 10. The trans-
mittance of samples GD 3495 through GD 3499 were all in the shaded
area. No conclusions can be made except that mutual substitution
'rf the abo-e mentioned oxides did not radically improve or harm the
IR transmittance. It appears that Ti02 and ZrO2 may cause the UV

t transmittance cutoff to occur at longer wavelengths.

I "Zinc oxide increases the thermal expansion when substituted for
4 GeO2 . The index of refraction and the dielectric constant increase
4 with added ZnO. Figure 11 depicts the effect of zinc oxide substitution

for GeO2 on the infrared transmittance. As the zinc oxide increases,
the IR transmittance is reduced slightly through most of the range,
but %he long wavelength cutoff occurs at slightly longer wavelengths.

T• Samoles GD 3488 and GD 3504 through GD 3506 show the effects
I of increasing the SiO2 content from 0 to 6 mole percent. The expansion

data did not correlate with theory but the magnitude of the measured
expansions were similar to the caculate4 values. The index of refractionwas lowered by the S1O2 additions. The effect of s.•_•o . additions on
IR transmittance is shown in Figure 12. As the silica content increazes
the IR transmittance cutoff occurs at shorter waveleigths, thus again
verifying theory. Silica additions raise the transmittance belowI ;;.4.5 microns. 3
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CLASS No. THICKNESS COMPOSITION VARIABLES
(MM) PbO GaO 2

GD 3488 4.11 0 61

GD 3489 4.14 2 59
GD 3491 4.04 6 55

GD 3488
GD 3488 3489

80 GD 3491S...-- (2.08 MM),,=,- "' -S60 
-3 GD34;91

GD 3489

40-GD 3491
S. I420

2I

0.2 0.4 0.6 0.8 2.0 3.0 4.0 5.0 6.0
WAVELENGTH, MICRONS

Figure 8. Effect of Increasing PbO
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CTGLASS NO, TltiCiSS COMPOSITION VARIABLES

GD 3488 4.11 0 61

GD 3492 4.06 2 59
bc IGD 3494 4.09 6 55

GO?1D -488

.8 C S4 - -L1 1.83 M M )-ui * o • /0 "
u 0
•u3 GD 3494

ul

.:• i•:;'•,ii! C G 3488%s t.

202

GD 34941 \4•!01 %Sa
0.2 0.4 0.6 0.8 2.0 3.0 4.0 5.0 6.0

WAVELENGTH, MICRONS

Pigw. 9. Effect of Adding B203

i
4J
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. A

C LASS NO. COMPOSITION VARIABLEJ
CalO A1203 T10 2 Zr0 2j

GýD 3495 6.0 6.0 0.0 0.01
GD 3496 6.0 3.0 3.0 0.0
GD 3497 6.0 0.0 6.0 0.0

____ GD 498 .0 1.0 00 0.
00-GD 3499 2.0 50.0 0.0 5.0

GDD 3496
-0GD 3495 - 18 M

w GD 3498

IL

U* z
-4c

IV,__ 2-GD 3495, 3497-
i-20 UGD3497 GD 3499

0 r__ f-_

0.2 0.4 0.6 0.8 2.0 3.0 4.0 5.0 6.0
WAVELENGTH, MICRONS

Figure 10. Transmittance of Glasses GD 3495 through GO 3499
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GLASS NO. THICKNESS COMPOSITION VARIABLESj;(MM) ZOGO

GD 3501 4,11 0 72

GO__ :3503 4.09 , ~ 66

GD 3501

GD3501

U 18

4-0

t GD 35(03

2.0-- -, -GD3488

ic

- 02 0.4 0.6 0A.1 " . 3.0 4.0 5.0 6.0
WAVSLENGTH, MICRONS

Figure 1?. Effect of Increasing ZnO Content

*~i 01I D 3 68 .1 1 ! 6

k '

3I.36
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GLASS NO. THICKNESS COMPOSITION VARIABLES

(MM) S102 GeO 2

GD 3488 4.11 0 61
GD 3504 4.09 2 59

10 D 35nA 4.01 6

GD 3488 GD 3488
& GD 3506 - _-. (t=1.83 MM)

i80 _ _' _ _ _

wGD 3504 G,

G 3G03504

GD 3506 .

0.2 0.4 0.6 0.8 2.0 3.0 4.0 5.0 6.0
WAVELENGTH, MICRONS

Figure 12. S;lica Addition: to Geraonee Glasses.
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5. CONCLUSIOS AND RECOMMEMATIONS

Several materials are commercially available for use in a dual
mode capacity. For the near infrared, fused silica is the best
candidate because of its excellent electrical and thermal properties.
Corning Code 9754 glass, calcium aluminate glass, Irtran I and
Ltran II are the best choices if the intermediate infrared range
is of prime importance. The limitation of materials for dual mode
use in the Intermediate infrared range then, is their relatively
poor therz-•l shock resisrance.•

The germanate glasses investigated, although preliminary in
nature, show that some improvements over ca-ercially available

Saasaes can ba achieved. The lowest expansion glass developed was
GD 3501, with an expansion coefficient of 60.7 X l0"7 in/In/Oc.
This is slightly lower than the expansion coefficient of Corning
Code 9754 Glass (63.6 X 10-7 in/in/0C).

The theory used to formulate the glass compositions did not
correspon4U- & -actal measured properties but in all cases trends
that were predicted from the theory were reflected in the measured
values.

It Is reccmended that the information developed on germanhate
glasses be used to formulate new compositions to further improve
currently available glasses for dual mode use.
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FIBER REINFORCED CERAMIC ELECTROMAGNETIC WINDOWS

J. J. Krochmal
Air Force Materials Laboratory

Wright-Patterson Air Force Base, Ohio 45433

a)

ABSTRACT

Fiber reinforced ceramic activities and findings of the
past 8-10 years are very briefly reviewed and it is noted
that fiber reinforcements were shown to improve both the
strength and thermal shock resistance of ceramics. Addition-
ally, reinforced ceramics are noted to have always failed in
predictable locations in three point bend tests, viz. at the
point of maximum outer "fiber" tensile stress, and failures
were not catastrophic but, rather, gradual and accompanied
by substantial inelastic deformation. The model material
systems that were resorted to in reaching these findings are
indicated as having circumvented such problems as expansion
coefficient mismatches, matrix-fiber interactions durii.g
processing or at use temperatures, and reinforcement oxida"
tion.

Of concern now is the extent to which past achievements,
when coupled with newly developed materials and processing
techniques, offer promise of providing improved window capa-
bilities. Opportunities afforded by low temperature pro-
cessing are reviewed in that they now permit consideration
of ceramic fiber or metal fiber-reinforced dielectrics.
Questions as to the extent to which the mechanical benefits
of metal fiber additions can be tolerated electrically are
presently unanswered and should be resolved since mechanical
benefits not only include improved thermal shock resistance
but also improved mechanical reliability. Potentially use-
ful materials combinations are discussed and investigations
with such systems are encouraged.

INTRODUCTION

Of concern is whether fiber reinforced ceramics can
provide improved electromagnetic window capabilities. The
discussions to follow will not answer this unequivocally.
Rather, approaches will be suggested which might well prove
benefical.

The area of fiber reinforced ceramics is one that-has
been periodically referred to as a potential panacea for
many of the problems that arise when attempts are made to
"employ brittle ceramic materials as components where loads
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are induced by mechanical or thermal means. Perhaps follow-
ing a review of the research that has been conducted in this
area, potential opportunities for windows will be apparent.

PREVIOUS WORK

The most extensive as well as comprehensive research
effort in the area of fiber reinforced ceramics was one
concerned with metal fibers which was conducted at the State
University of New York, College of Ceramics at Alfred Univer-
sity, during the period of 1 July 1957 to 31 August 1960
(Reference 1). This three-year effort will be referred to
rather extensively in the following review since the find-

* ings or relationships developed or identified under that
effort have persisted to date. Lest one question any radome
oriented concern with such research involving metal fibers,
it should be noted that recent research has indicated that
the behavior of a composite of sapphire whiskers in an A12 03
matrix closely resembled that of a metal fiber reinforced
ceramic (Reference 2).
1. Mechanical Properties and Behavior

Figure 1 shows the microstructure of an aluminum oxide
body containing 5 weight % of molybdenum fiber. Due to the
fact that the expansion coefficient of molybdenum is sub-
stantially less than that of the alumina, one would expect
microcrac!-:s throughout the microstructure. At such low
levels of fiber additions, microcracks sometimes did not
appear. Figure 2 depicts an aluminum oxide body containing
10 weight % of molybdenum fiber and here the occurrence of
cracks is clearly evident. Figure 3 indicates a behavior
typical of a cracked system. It is noted that prior to
thermal shocking the strength of the unreinforced matrix
material is higher than any of the reinforced specimens.
Subsequent to thermal cycling, however, when the unreinforced
matrix has deteriorated to essentially no strength, the
strength levels of the reinforced specimens are maintained.
This figure also shows that the greater the amount of rein-
forcemlnt present, the higher the strength of the reinforced
specimen. It should be noted that the thermal shock cycles
referred to in this figure, as well as those which will be
referred to in later figures, are produced as follows: The
specimens are placed in a furnace at 2200*F and permitted to
remain there for a period of ten minutes. The specimens
are then removed, placea on a thick steel plate, and allowed
to cool to room temperature.

Figure 4 depicts the microstructure of the typical non-
microcracked fiber reinforced specimen. In this case a
matrix consisting of a precise mixture of mullite and aluminum
oxide, designated "Body 712," was selected in order to match
the coefficient of thermal expansion of molybdenum. Table I
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LI
Figure 1. Alumina Containing 5 Wt. % Molybdenum

Fiber (30X) (Reference L~a.).

Figure 2. Alumina Containing 10 Wt. % Molyb-
denum Fiber (30X) (Reference 1. a.).
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go- ~Vol S U0.002"ma1"z12",
-------- -- * 20 Val SMo .0002" MAx 2 118

10 Vol% S U .002" ma a I/$,*

* 0Val SMa .0)0", ma&x 1121,

IVo 20 V. 0 .o 010', ma&x 3 /61

4.2 Vat S ma. .002" miax 1/41-

0 1 2 3 4L 5

Tkormal Cycl**

Figure 3. ModulusoCCRupture asa Function ct
Thermal Cycling for the Alumina-
Molybdenum Fiber System (Reference L.b.).

Figure 4. Non-microcracked Fiber Reinforced
Specimen (SOX) (Reference 1.c.).
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depicts the calculated as well as measured properties of
Body 712 containing various amounts of molybdenum fibers.

TABLE I

ZXPLO4ATORY ZXPEIUMENTS WITH MOLYBDENUM FIBER-BODY 713 (Rlerefe Lo)

E at Care. Modulus d Cale. S Total Calo. stress
Dimmia at 5% VoL R.T. 3 Rupture After Stress Assumed Aasumnd

*oty Fiber Fiber (106 PsI (106 Ps) 4 cles by Fiber. by 712

0.0M z 1/4 i. 30 40.6 36 37,900 PI 35.0 is, 150 PSI

C002 Z1/8 bL 30 35.1 36 30, 700 PM 35.0 30, 000 6!f

C.Om 1/4 3h 43 36.5 37.5 XSO a"'n 48.0 18,00 Pa

*. 006 it3 hL 25 35.4 35.9 22.000M PS 2.0 22,7W516s

0.002•x 1183U. 4.2 32.2 34.2 1,400 PS 5.24

Nons 0 33.8 0
,,,,,Awr•g 13, 848 PSI

rms abhse bea m somaag de to the exremuly low vasl of mofuho of rq*ur after four temal "cls.

It is interesting to note the excellent agreement between
the calculated and measured elastic moduli. Since the
elastic modulus of the molybdenum filaments exceeded that
of Body 712, the reinforcements assumed slightly more stress
than would be normally expected by simply viewing the volume
percent present. Also of interest is the average of the
calculated stresses assumed by Body 712, viz. 19,946 PSI,
which fell rather close to the 21,640 PSI modulus of rupture
value that represented the average strength of Body 712
without reinforcements and before thermal shocking. Figure
3-_epcts the behavior of B2--7172 containing various per-
centages of 2-mil molybdenum fiber. Here we note features
which differ from those of Figure 3 in that the strengths,
prior to thermal cycling, of reinforced specimens are higher
or at least equivalent to the unreinforced Body 712. Figure
6 is somewhat similar except that in this case 10-mil fiber
was employed. In Reference 1-b the relationships in Figure
5 and 6 are clarified further and compared by plots of the
effects on modulus of rupture, after four thermal cycles,
of volume percent molybdenum for the two fiber diameters
and lengths, and of fiber length for the two diameters and
percentage additions.

At this point an explanation is in order as to the
characterization of the specimens considered in this work.
First, it shoild be noted that all test specimens were hot-
pressed. Also, it should be mentioned that these materials,
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20 Vol S Mo. 1iz" rtlers
so~3 Yak S Mo. 11S" Irlb~er

20OVol% Me. III" 11bove
10 Vol %Mo. /81 fibers

j 0-~IG Vol 1% mo, 1/21- fiber

*VI%.4. 2 Vol SMo. III" fbers

Therawa Cycle*

Fi)'gure 5 Modulus of Rupture as a Function of
Thermal Cycling for the Body 712-. 002-
kwh Diameter Molybdenum Fiber System
(Reference L.b.).

20 Vol S Me. 1/22" Fiber.s

2U.0 Vol%UMo. 116"TFIbers,

S vo: SMe, 1/2", Frere

Therma~l Cycles

Figure 6. Modulus of Rupture~as aFunction of
Thermal Cycling for the Boý:y 712-. 010-
Inch Diameter Molybdenum Fiber System
(Reference L.b.).
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as fabricated, are not isotropic. Figure 7 presents a sec-
tion of a fiber reinforced specimen which has been sectioned
parallel to the specimen's length and direction of pressing.
This is in contrast to the following figure (Figure 8) which
shows a specimen which has been sectioned also parallel to
the specimen's length but normal to the direction of press-
ing. All of the investigations under this program were con-
cerned with the strong fiber orientation. No strengths were
determined for what would be expected to be the weaker
direction.

Figure 9 depicts a transverse section of what was design-
ated Body 715, in this instance reinforced with 10 volume %
of tungsten fibers. Body 715 consisted of calcined Kaolin,
flint, anA felds-Ar and represented a ccmpcsition which was
developed first, to achieve a compatible relationship from
an expansion coefficient standpoint with the tungsten rein-
forcement and second, to achieve an elastic modulus relation-
ship whereby that of the matrix was approximately 1/5 that
of the reinforcing filaments. Figure 10 depicts a trans-
verse section of the same body, in this case reinforced with
50 volume % tungsten fibers. This figure depicts the pro-
blem associated with higher filamentary additions, viz.
fiber agglomerations appear and each of the fibers within
these groupings does not enjoy a complete matrix environment.
Figure 11 shows this same specimen sectioned longitudinally
and normal to the direction of pressing. Attempts to sur-
face grind and polish such specimens resulted for the most
part in the ceramic matrix pulling out from the surface and
exposing an array of fibers beneath it. At this fiber level,
agglomerates of fiber actually act as matrix and contain
pockets of low density ceramic within.them. This is also
presented in Figure 12 which attests to the inability to
achieve at least 90% calculated density bodies when fiber
additions exceed 20 volume %. I A discontinuity in behavior
would therefore be expected for all bodies containing more
than 20% fiber and this is borne out by Figure 13 which
shows the modulus of rupture values as a function of volume
% fiber reinforcement. Figure 14 presents typical stress-
strain diagrams for Body 715 with various volume % fiber
additions while Figure 15 presents a stress-strain diagram
of successive tests of a single specimen. Studies of the
buhaviors depicted in Figures 14 and 15 coupled with micro-
scopic studies of the surfaces of the ceramic specimens as
they were being stressed led Tinklepaugh, et al to the
following conclusions:

"From a study of the various stress-strain diagrams,
a general concept evolved as a possible explanation
for observations made as the specimens were loaded.
Within the proportional limit the composite behaved
as any other elastic material behaves. For specimens

* with no fiber reinforcement the proportional limit
was also its point of failure -- a condition common
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Figure 7.* Fiber Reinforced Specimen Sectioned
Parallel to the Specimen! s Length
and Direction of Pressing (15X)
(Reference 1.c.).

Figure 8. Fiber Reluforced Specimen Sectioned
Parallel to the Speeimen! s Length
andi Normal to the Direction of
Pressing (15X) (Reference 1.c.).
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Figure 9. Transverse Section of Body 715
Reinforced with 10 Volume %
Tungsten Fibers (15X) (Reference 1.0.).

Figure 1.0 Transverse Section of Body 715
Reinforced with 50 Volume %
Tungsten Fibers (15X) (Reference 1.c.).
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Figure 11 A 50 Volume % Fiber Reinforced
Specimen Sectioned Longitudinally
andi Normal to the Direction It
Pressing (15X) (Reference Le.).
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Figure 13. Modulus of Rupture vs. Volume % Fiber
Reinforcement (Reference l.e.).
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10 Volume % Fiber Reinforced Specimen (Reference 1.c.)

to ceramic materials in general. However, when
reinforced with tungsten fibers, specimens failed
only after the outer fiber stress had been in-
creased several hundred percent over that of
specimens without reinforcement. Although the
reinforced specimens did not fail, the stress-
strain diagram did deviate from a straight line
at a point that appeared to be dependent upon
th.e amount of fiber present. This deviation
from a straight line -- or the proportional
limit -- became the key to the explanation.
when the load on the ceramic reached the level
of stress which caused the non-reinforced ceramic
specimen to fail, the ceramic in the reinforced
specimen also failed. The reinforcement, however,
held the composite together. As the load was in-
creased beyond this, point, the outer fibers were
gradually pulled loose from the ceramic matrix.
This accounted f6r the deviation from the straight
line that wap--6bserved in all of the reinforced
specimens t-Usted. Finally, when the load on the
outer fibers reached a stress that would com-
pletely separate them from the ceramic matrix,
the specimen failed completely. The modulus of
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rupture then is that stress which caused the
fibers to be pulled out of the ceramic matrix.
The proportional limit increased with increasing
percentages of fiber present because the fibers
assumed an increasing proportion of the load, the
ceramic still failing at its original stress
level.

The amount of deformation a reinforced specimen
would withstand before failure appeared to be a
function of the amount of fiber reinforcement in
the specimen. In low volume percent reinforced
specimens the amount of deformation was great.
This meant that the stress required to eause the
reinforced specimen to deviate from a straight
line relationship was considerably less than the
stress required to cause complete failure of the
specimen. However, in high volume percent rein-
forced specimens the deformation was small. In
this case, the stress required to cause the rein-
forced specimen to deviate from a straight line
relationship was only slightly less than the stress
required to cause complete failure of the specimen.
It is conceivable that if it were possible to
produce dense specimens having a high volume
percentage of fiber reinforcement, then greater
deformation would be observed in such specimens
before failure occurred."

Figure 16 shows a fracture surface of a specimen where
it can be seen that fibers had actually been pulled out of
the ceramic matrix.

In a very recent study, DeBoskey and Hahn (Reference 2)
found that sapphire whiskers were amenable to incorporation,
still retaining their whisker morphology, in an Al 0 body
by hot-pressing with a minor lithium fluoride Addition.
They claimed that the presence of the whiskers in a nearly
dense body increased the strength of the body and changed
the mode of fracture to a more energy absorbing form. They
also noted that both higher density and greater strength-
ening occurred as the whisker size was decreased.
2. Oxidation of the Refractory Metal Fibers in Ceramic-

Metal Composites
To better understand a small sampling of the experiments

conducted at Alfred University, an explanation of the method
of specimen preparation is necessary. The specimens were
hot-pressed in graphite molds where the inner surfaces of
each mold were treated with a wash of the matrix ceramic.
When the specimen was pressed, this coating became an inte-
gral part of the sample, and thus provided a surface essen-
tially free of fibers. The amount of such a coating on a
specimen was determined by weighing the specimen after
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More examples of the oxidation behavior of metal fiber
reinforced ceramics, though not particularly applicable
to radome technology, may be found in Reference 3, 4 and 5.
3. Discussion

Metal-fiber reinforced ceramics were shown to improve
both the strength and thermal shock resistance of noncracked
combinations (References 1, 3, 6). Even in cracked com-

* binations thermal shock resistance was improved, although
at the expense of strength (References 1, 7). The thermal
conductivities of metal-fiber reinforced ceramics were
higher than unreinforced matrices, particularly at high
temperatures (Reference 4). Strengths were attained that
are considerably higher than those predicted by theoretical
calculations, including the assumption of a prestressed
matrix (Reference 3). Also, strength levels attained with
random chopped fiber orientations (within a plane perpen-
dicular to the pressing directlon) were found to be equiva-
lent to what was predicted (Reference 1) and experimentally
found (Reference 6) for oriented fiber arrays. Finally, in
addition to evidencing predictable failure locations in
three point bend tests (viz. always at the point of max-
imum tensile stress), failures were not catastrophic but
were instead gradual and accompanied by a substantial
degree of inelastic deformation (Figure 21) (Reference 1).

In spite of the earlier imposing listing of the virtues
of such composites, metal-fiber reinforced ceramics have
enjoyed little attention since the completion of the work
of Baskin, et al (References 4, 7) and that of the Alfred
University group (Reference 1) in 1960. It appears that
when attempts were made to extend such an approach from
convenient model materials to materials that would serve
some meaningful purpose, particularly at the high tempera-
tures where ceramics are normally considered for use,
expansion coefficient mismatches, matrix-fiber interactions
during processing or at use temperatures, and reinforcement
oxidation proved to be formidable obstacles.

However, the recent work of DeBoskey and Hahn (Reference
2), involving sapphire whiskers in an Al 03 body, seemingly
offers new possibilities for improving tie mechanical and
thermal shock/stress behavior of ceramic radomes/windows.
Additionally, it is felt that some possibilities still exist
for utilizing metal fiber reinforced ceramics to advantage
in radomes, particularly with Al 03 and BeO matrices where
low to negligible oxygen diffusign rates, even at rather
high temperatures, have been reported (Reference 8). Not
only could consideration be given to the areas adjacent to
attachment points but additionally, frontal protions sub-
jected to high thermal stresses might tolerate some small
percentage of metallic additions. Although it is understood
that theoretical calculations have indicated the tolerable
levels/sizes/arrangements of metallic inclusions or supports,
researchers associated with radome technology have appeared
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FPU~re 21 * Reinforced S~wlmen StUH Intact
After "M'Iure (Reference 1.0.).

dubious. No references of dielectric constant and loss
tangent measurements of ceramics containing low percentage
additions of metal fibers can be found and it would thus
appear that scme measurements in the near future would be
desirable'and instructive.
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POSSIBLE MATRIX-FIBER COMBINATIONS

This section will consider the thermal expansion and
thermochemical compatibilities of matrices of A120 3 , BeO,
and MgO.A1 20 3 with reinforcements of filamentary W, Mo, Ta,
B, C, SiC, B4C, and A12 03 . Fused silica is not discussed
for a number of reasons. Its exceptionally low coefficient
of thermal expansion (CTE) usually obviates failures due
to thermal shocks and stresses and such types of failures
represent a major purpose for utilizing the composite
approach. Should one be interested in the use of reinforce-
ments in fused silica for strengthening purposes or to alter
the mode of fracture, CTE compatibility would exist with
any selected filament and attention then would be directed
only to thermochemical compatability considerations, matrix-
reinforcement bonds, and the amount of residual compressive
stresses desired.
1. W and Mo Filaments

Gitzen indicates that alumina is not reduced by molybde-
num even above the melting point of alumina (Reference 9).
Grossman (Reference 10) reports a pseudobinary eutectic for
W-AI20 as 1997 120°C(3627 1360F). Ryshkewitch (Reference
11) notes National Beryllia's experience, viz. that BeO
sintered in hydrogen does not react with W or Mo up to
2000*C(3632°F) for several hours although at higher temper-
attures under vacuum or argon atmosphere, reaction was
observable. Brown (Reference 12) indicated that in a
hydrogen atmosphere at temperatures up to 18000C(32720F),
sintered BeO showed no interaction with Mo even after
hundreds of hours.

Kieffer and Benesovsky (Reference 13) in describing the
stability of high temperature heating element materials to-
ward oxides, note that A12 02 is compatible with both Mo and
W "up to 1900°C," irrespective of environment. They also
note, in "up to" terms, the following temperature limits
for an environment of 10o- torr and in each case about
100-200*C(180-360*F) less for a protective gas environment
owing to the "usual residual impurities": BeO-Mo, 19000C
(34520F) and BeO-W, 2000*C(3632F)..

An earlier investigation by Johnson (Reference 14) em-
ployed documented and relatively pure oxides. Powder mix-
tures were dry-pressed and then subjected to a degass.ne?
treatment followed by a series of time-temperature treatments
in a vacuum of 0.1-0.5p. Temperatures at which surface
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stability no lorget existed in surface-to-surface contact
after the indicated number of minutes are indicated as
follows: Bee-Mo, 1900OC(3452*F), 4 minutes and BeO-W,
"2000*C(3632*F), 2 minutes. The validity of Johnson's data
is certainly enhanced by the excellent agreement achieved,j 'however qualitative, by Kieffer and Benesovsky.

Results by White (Reference 15) generally support the
preceding. Recent research by Grossman and Kaznoff (Refer-
ence 16) also supports the above findings relative to Al 0-
W and BeO-W, but they differ significantly relative to tie

S -oxides with Mo.
Based upon the previous information and the composite

studies described earlier, thermochemical compatibility, at
least to processing temperatures, may be expected for these
metals in combination with MgO.Al 0 , the only oxide for
which no compatibility data may R lound.

ýk' • Combinations of the three oxides with W and Mo are
ý incempatible from a CTE standpoint and microcracked systems

are expected (Reference 17, 18). Recalling the earlier
discussion of ths oxidation behavior of metal reinforced
cer=aics, it would appear that even for temperstures
greater than 1200-1500*C(2192-2732*F) and for periods of
time greater than 5 to 10 hours, Al0 and Bee can be0
considered with either Mo or W fil aefts due to the very
low permeability of these oxides to oxygen (Reference 8).
Fiber additions should be kept low, preferably less than
5 volume %, to preclude or minimize cracking and fiber
free "skins" or surface layers should be as thick as can be
tolerated. Such composites should provide an "all environ-
ment" capability which is particularly important since the
"combination of high temperature and vacuum is often en-
countered in aerospace applications.

32. Ta Filaments
"Grossman and Kaznoff (Reference 16) as a result of com-

patibility experiments in a nuclear thermionic fuel element
environment have estimated the following temperatures as
upper limits to long term compatibility, under reducing
conditions, between Ta and the indicated oxides: Al 0 -1000*C
(18320F) and BeO-1500OC(2732*F). Brewer and Searcy iR~fer-
ence 19) found the volatilization of Al20 much greater whenj A110 3 was heated in Ta than when heated iA W. Later work by
Drowart, et al (Reference 20) and Chupka, et al (Reference 21)
also indicated, during mass spectrometer studies, that W does
not have the reducing power of Ta or Nb. Navias (Reference
22) conducted experiments involving the heating of sapphire
by W and Ta, neither of which were in contact with the
sapphire. His experiments with Ta at a vacuum of 3 v resulted
in deposits of Al on the surrounding glalsu bulb at 16004C(21D24F) while with V an•m , vacuum of 10 -10'u, no deposit
of Al was noted even at temperatures of 1900*C(3452*F)
Kieffer and Benesovsky (Reference 13), under conditions noted
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earlier, described Al 0 and BeO as being stable in the
presence of Ta up to Keiperatures of 1900"C(3452"F) and
1600C(29120F) respectively. It would appear that the
environment as well as the degree of surface to surface
contact may be more critical in the case of Ta than with
W or Mo. Certainly, for use in high temperature air en-
vironments and the problem of permeability to oxygen, A1,O0
and BeO are considered reasonable condidates for reinforce-
ment by Ta. Processing will present a problem and the
reaction thresholds of nominally 1000°C(1832 0 F) and 15000C
(27324F) between Ta and A12 0 and BeO respectively are to
be avoided. "Pressure calciAtering", a relatively new
low temperature processing technique (Reference 23), might
certainly be utilized advantageously to minimize the
relative magnitudes of differential thermal contractions
following high temperature consolidation. Though the CTE
of Ta exceeds that of W and Mo, it is still low enough
below the oxides such that all of the above indicated
systems are expected to be microcracked.

3. B Filaments
The mechanical properties of present day B filaments

degrade severely and permanently, as a result of any ex-
tended exposure tseveral hours) at temperatures of nominally
800°C(14720F) and higher (Reference 24) and neither Al 0,
BeO, nor spinel offer the potential, thus far, of conso1lda-
tion to near theoretical density by any means at such low
temperatures. With respect to the severe debilitating
effects of even minor additions of B 0 (which might well form
during processing) on such oxides, Rifirence 25 will be
found to be most descriptive. Chemical vapor deposition of
thin films of oxides on B filament is being considered to
improve compatibility with nonceramic matrices (Reference 26)
and this approach might well prove interesting in terms of
thick oxide bodies. Maximum use temperature capabilities
of such systems naturally are limited to 800*C(1472*F).

4. C Filaments
Johnson (Reference 27) studied BeO-C by means of changes

in bulk density, shrinkage, and weight of dry pressed speci-
mens which were fired for 2, 4, and 8 minutes in vacuum
and the lowest temperature of reaction was 2300°C(4172*F).
Kroll and Schlechten (Reference 28) briquetted their powdered
reactants and obtained the following rather low temperatures
at which a noticeable breakdown of the reactant occurred, in
vacuum: BeO-13150C(2399*F) and A12 03 -1350°C(2462*F). Nadler
and Kempter AReference 29), employing thermodynamic consid-
erations with respect to five oxides, obtained the following
decreasing order of stability towards carbon: BeO, ThO2 ,
Al 0 , MgO, and ZrO2 . Klinger, Coucoulas, and Komarek
(Rifirence 30) studied reactions between A1202, and spinel
(MgO.3.3 A120 ) and graphite in vacuum by meaguring the
"amount of carion monoxide formed. They found diffusion
controlled reactions between A1203 and BeO with C and phase
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boundary controlled reactions between BeO and spinel with C.
They found the relative stabilities of the oxides in contact
with graphite, in order of decreasing stability, to be:
BeO, spinel, and A12 03 . Table II cites the specific rates
of reations between oxides and qraphite, as determined by
Klinger, et al while Table III cites their determined sta-
bilities, with the applicable data, associated with a 0.1%
reduction in 900 seconds.

Criscione, et al (Reference 31) reported a minimum
reaction temperature, defined as the temperature where the
CO pressure became noticeable, *i.e. a few torr,' 1300"C

_.-(23720F) for Boo.
As to CCTE relationships, it is expected that all of

the above oxides, when reinforced with C, would be micro-
cracked. However, under one investigation involving C
filaments a an oxide having oae of the highest CTE's,
vi . •L 9gO dfcks were not observed for the only reinforce-

* ment level studied, 5 volume % (Reference 32), which was
prepared by presoure calcintering at 12006C(21929F).

For air 6nv:i.rodents, oxygen permeability consider-
ations place Ln iidditional constraint upon C-MeO systems.
However, it would aypar that Al 0 and BeO could be util-

-ized for extended t1as at tempeiahures not exceeding
12000C(21926F). Reinforcement levels should be minimized
to preclude cracking and as indicated earlier, fiber-free
"skins" should be as thick as can be tolerated.

5. SiC Filaments
Patents awarded to Riddle (Reference 33) and Pieper

(Reference 34) refer to strengths of Al 0 -SiC mixtures at
1405*C(2642PF) and firing or consolidatKoA of same at 1650*C
(3002OF), respectively. Alumina is recognized as one of
the most stable refractory compounds and is said to be stable
in oxidizing or reducing atmospheres to 3500eF for short
periods of time (Reference 35). Accordingly, one wouý.d
expect it to be stable in the presence of SiC to an equiva-
lent temperature, thus reducing considerations primarily to
mechanical compatibility.

While the ccmbinations of A12 0 3 1, BeO, or spinel with
"SiC are expected to form microcracked systems, microcracks
have not been found in pressure calcintered MgO-SiC (al-
though some unexplained interaction might have altered this

* system somewhat).
For air environments, oxygen permeability considera-

tions again are applicable. The product of the oxidation
of SiC, viz. SIO wrecks havoc with the phase stability
(and naturally tae properties) of each of the oxides,
as may be seen in the phase diagrams of Reference 25.
Accordingly, Al 0 and BeO again appear favorable where
for extended tiAei, temperature of up to 1500lC(27320F)
might be tolerated. Previously made comments relative to
amounts of fiber additions and thickness of fiber-free "skins"
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TABLE II

SPECIFIC RATES OF REACTIONS BETWEEN
OXIDES AND GRAPHITE (Reference 30)

Temperature Range
Oxide *K Specific Rate

M8O 1625 - 1831 K1  8.34x10" ep (-59,800/ RT)

Spinel 1888 - 1938 K1  1.82x,0" 2 exp (-59,500/PRT)

BeO 2018 - 2186 K1  7.64x106_ exp (-61,300/RT)

A120 3  1580 - 1723 lp 2.42x1o' exp (-316, 000/RT)

B. o 1788 - 2018 kp 1.0,x,0 exp (-40, 000//RT)

TABLE MIf

STABILITIES OF OXIDES AND GRAPHITE
(Reference 30)

T

Moles CO Evolved RIate Constant for 0. 1% Temperature for 0. 1%
Oxide for 0. 1% Reduction Reduction in 900 Seconds Reduction in 900 Sec.
Al2C3 119x108 8. xi0" (moles) -(sec)I 1316*C

MO0 91xlo 8 1. 0L.10"9 moles-(sec)"I 1404"C

-8 -9
MgO.3.3A12 0 3  107x10" 1. 19x10" moles-(sec) 1532*C

BeO 118x10"8 1.31x10" 9 moles-(sec)-1  1707oC
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are also applicable hereto.
6. B4C Filaments

"The reactions of metal oxides with B C are well recog-
nized and usually employed in the presencl of carbon to
form the borides. This borocarbide process (Reference 36)
usually leads to better results when carried out under

-vacuum. (Reference 37) and has resulted in the formation of
TiB• from TiO at temperatures as low as 1100-1150C(2012-
2102F). However, temperatures of nominally 20000C(36126F)
are usually employed.

Composites of the oxides and B C must necessarily be
utilized at relatively low temperatures not only to avoid
interaction but also to avoid oxidation of the reinforce-
ment and the resulting formation of B0. Problems with
such composites are compounded by the r2latively low CTE of
B C which should result in all systems being microcracked.
Elrlier comments relative to oxygen permeability, low
levels of reinforcements, and thick fiber-free "skins"
apply hereto. It would appear that only by means of pressure
calcintering or chemical vapor deposition might one obtain
composites of reasonable integrity.

Metal oxides--B C systems are thus fraught with such
obstacles in both prAparation and use that no detailed
information has apparently ever been generated as to the
temperature levels at which such materials might be employed.
7. A1203 Filaments

... a. A12 03 - A12 03  ,•. .

DeBoskey and Hahn (Reference 2) have indicated that
higher strengths have been obtained by means of an A1203 -
Al 0 approach, thus suggesting that even by means of
or&iAary processing techniques, some filaments or fragments
of filaments retain their integrity and contribute to the
system's overall effectiyeness. It would appear that
studies of powder particle size in relation to filament
length and diameter might now be profitably pursued. Also,
pressure calcintering might offer considerable promise in
terms of decreasing the extent of filament damage during
pric-3 ssing.

b. Al 2 03 - BeO

Three intermediate equilibrium phases occur in this
binary system, 3BeO-Al 0 , BeO-Al 0 , and BeO-3Al 0 (Ref-
erence 38). Since no Otadies of iu~solidus kinetica have
been documanted, the extent of the reactions taking place
below 1835*C(3335*F), the lowest eutectic temperature of
the system, are unknown. CET's for these components are
sufficiently close (that of BeO exceeds that of Al 0 ) that
should one satisfactorily prepare a composite with~ul exten-
sive reaction, in all probability it will not be cracked
(Reference 17). U~e temperatures, like processing tempera-

4 tures, cannot be estimated.
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c. A1 203 - MgOA1 2 03

The boundary of the spinel solid solution extends from
the 50 MgO-50 Al 0 composition to nominally 85 mole %
Al 0 at the spi~el - Al 0 eutectic, nominally 1910*C
(367a F), with the sharpisl increases in the homogeniety
range of the A120 side occurring above 1400OC(2552*F)
(Reference 39). ?rom normal temperatures to nominally
1315OC(24000F) the CTE's are compatible and a non-cracked
system would be expected. The major problem anticipated
is that of achieving a nominally 99% dense spinel matrix
at temperatures below about 1400*C(2550*F) and again,
pressure calcintering might be utilized advantageously.
This would involve the use of a mixed hydroxide or another
suitable combination of salts.

DISCUSSION AND CONCLUSIONS

It has been shown that despite a number of virtues of
fiber reinforced ceramics, as demonstrated with model
materials, the present technology has not yet been able
to capitalize on this approach to achieve more thermally
shock resistant ceramics having predictable mechanical
integrity. This inability to extrapolate model behavior
to "real" or technologically interesting materials has
been considered and found to stem from several factors.
Thermochemical interaction has been shown to prevent the
utilization of many ccmbinations of reinforcements and
matrices owing to reactions at intended use temperatures
or at processing temperatures where these exceed the use
temperatures. Approaches to overcome interaction problems,
where processing temperatures exceed use temperatures, in-
clude lower temperature processing techniques such as
pressure calcintering. Decomposition processes involving
both salts and metal-organic compounds also warrant
consideration. Chemical vapor deposition processes may
well deserve some attention since the unusual "throwing"
power of some of these processes offers the possibility
of achieving high density matrices with high volume frac-
tions of undamaged reinforcements at low temperatures.
Microcracks, sometimes tolerable, caused by differential
thermal contraction following densification at high temp-
eratures when the CTE of the matrix exceeds that of the
reinforcement, might be avoided by lower temperature
processing as well as by a composite filament approach.

Early reinforcement oxidation studies indicated this
aspect to represent a formidable problem, even at tempera-
tures as low as 10000C (18000F) for many reinforced oxides
(Reference 3). However, this is not anticipated to be a
significant consideration with dense, uncracked A12 0 and
BeO which are, for practical purposes, essentially ifper-
meable to oxygen. Oxidation of reinforcements has been
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shown to either result in the mechanical disruption of the
composite or degradation owing to reaction between the
ohidationt pradivct and the matrix (Reference 4).

4The need for studies of the mmicromecbanics* of rein-
forced ceramics has been indicated, as has the need for
studies of eubsolidus kinetics in some systems. Of partic-
ular interes3t is the matrix-reinforcement bond and one

A- wonders how a good bond might affect properties and mech-
anical behavior. in the Alfred work described earlier,
it was apparent that little, if any, matrix-reinforcement
bonO existed and Figure 1.6 is offered as evidence of this.

Chromium filaments were not considered in this review
since none are~ available. However, because of its high
CTS (Reference 40) and its compatibility with Al 0 as
shown by much cermet work during the early to mia 1950'.,
chromium should prove to be an ideal reinforcement for
Al 20 3and perhaps also for BeO.
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A THERMAL ANALYSIS OF AN
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ABSTRACT

A numerical technique has been developed to determine the recession
and temperature profiles for subliming electroasgnetic windows on reentry
vehicles at any point In the vehicle trajectory. The technique utilizes
a new coordinate transformation to solve the time-dependent one-dimensional
heat conducti-cn lef!tion osbjeet to the appropriate bowndp-y conditions.

"* Use of the transformation results in a decrease of computation time by
almost an order of magnitude over previously used techniques. The numeri-
cal technique was programmed for use on the CDC 6600 computer and several
samples cases were run.
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A vehicle rmetering the earth's atmosphere at hypersonic velocities
to sOZJoited to severe cuvironuantal conditions in the form of high heat-
transfer raites, tet qeratura cad structural loads. Antenna# for these
vehicles Centrally tzko the form of a slot array ot other slot closure
located all aft of the stagnation point on the vehicle. In order to
protect tbaaaq, antamaas and the Internal equipuent from excessive heat,
use io vas of ablative dielectric materials which covers the apertures
of the antannas. The high beating rates encountered during reentry pro-

J, ~ duce changc In both the physical and electrical properties of these
window materials. Therefore, the window design should be a compromise
betwcen the z~Um acceptable thickness to protect the antenna, consid-
fting thec expectod boating rates and recession due to ablation, and the
trawsiaalan 1cas of the window during the most critical phase of the
wission. To aid In the tharmul design of electromagnetic (MO) windows,
a computer proga haa been developed to determine window recession and
th'e t ez~rture prof ile89 in the window as a function of any point In the-
vehiAcle trajectory.

DJE8CWIT101 OF THE PR~OBLEM4

Consider the model shmm~ In ligure 1. When a heat f lux, to i
applied to the front face of an electromagnetic window, & temperature
rise results throughout the window material. At a later time the front
face, reache. the ablation temperature, TAB, and the surface starts to
recede at a rate W c. The mathematical treatment of the above phenom-
oea Consists of three parts: (1) The equation governing the heat flow
In the window material, (2)' the front face boundary condition, and (3)
the back face boundary condition.

To simplify the mathematical analysis, several assumptions are made.
first, heat conduction in the window is assumd to be one-dimensional and
the ablation processa occurs by s~ublimation only. Second, the thermo-
physical properties of the window materi1al, specific heat, thermal con-
ductivity, and emissivity are temperature dependent and, third, the
ablation temperature is a function of the boundary layer edge pressure
only. 'The gas surrounding the reentry vehicle Is assumed to be ideal;
however, the specific heat, enthalpy, and viscosity ire functions of teme-
perature. For the cases considered In this paper, the back face of the
Ex window is assumed to be thermally Insulated. In a subliming ablator
the Internal beat flow is governed by the heat conduction equation
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where
T Is temperature

t is timle
"a is density

i Is heat capacity

k Is thermal conductivity

I o0 a thermally Insulated window the back face boundary condition Is

given by

""x -D (2)

The boundary condition at the front face of the SH window depends
on whattr the window Is ablating. When the window Is not ablating

- A) the energy balance gives

S- " % " d -" ~ a (3)

Whom I is the nomablatina convective heat transfer rate to the surface,
Is athe total radiative heat transfer away from the surface, and Qroud

Is the heat conducted Into the window material.

When the window ablates, the effective convective heat transfer rate
to the surface decreases. For a subliming ablator, this decrease is
c-- used by three mchanisun: (1) EnergyA A, is absorbed due to the change
of phase of the ablation material, (2) the ablation material product8 teact
witb the free strea gSaes, and if the reactions are endothermic, an amount
of energy, - , Is absorbed, (3) ablation materials diffSe Into the
boundary layer and cause it to become thicker. This reduces the temperature
gradient between the boundary layer edge an-A the ablating surface which In
tu~r decreases the convective heat transfer rate.

figure 2 depicts the surface reaction zone energy balance. The energybalance ca be written

od +psh +k + AQ r 0)
gass

(4)

where h (TA4Z is the enthalpy of the ablator material evoluated at the
.,blation te4eraturs, and QcOod is the gaseous conduction term which

gas
Is eiqual to the convective heat transfer rate with ablation, Q0

QCSXm 3~ (5)
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The relationship between the convective beat transfer rates with
and without ablation is

Qc Qc -. (66)

w•ere L is obtained from a correlation of experimental data (Ref 1) which
is diffirent for laminar and turbulent flow. Ah is the boundary layer
enthalpy porential, i.e., the recovery enthalpy minus wial enthalpy.

Substitution of Equations (5) and (6) into Equations (4) yields
the front fwcA boundary condition for a subliming ablator.

% Qco a . l

&S Lah +h a' ) (7)

To simplify Equation (7) the concept of an effective heat of

ablat.- RBef f, Is used. It is defined by

where (8)

S(9)

Substitution of Equation (7) and (9) Into Equatioo (8) yields:

eff- LAh + AE + AE( e (10)

Rence, Equation (7) becomes

Qc z. + k BT

The terms AE and AE€ are determined from an equilibrium thermo-
chemistry program for specified temperature, pressure, and elemunt ratios.
In goneral,1 is not a LInear function of Ah since toa AE'+&Ej.
is dependent eon combustion reactions in the boundary layer. However,
for most ablation materials, the linear dependence of N on Ah is a
good approximation.
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NUKRICAL PROCDURE

The heat conduction equation with appropriate bondary conditions
is solved by using an explicit finite difference technique that er-2loys
a new coordinate transformation. The transformation allo-s the physical
spacial step size to vary with both position in the window and tima
while the computational step size remains constant. Thus, the problems
of a large temperature gradient at the front face of the windows and a
receding boundary that make standard finite difference tecnniques un-
wieldy and time consuming are circumvented.

The transformation can be written as

T (z,t)-*T (~1,t )(12)

where

z-e
D-s (13)

and C (q) is called the stretching parameter. The range of n is 0 to 1
as x varies between s and D. The stretching parameter, C (n), is arbitrar
but for the present use it is desirable to define i such that the spacial
step size, Ax, is very small (on the order of 5xlO cm) at the front face
and gradually increases as the back face is approached.

Applying the transformation to the heat conduction equation yields

S- s BT 1 rCTXX+EkEk
at D-s P PC- (D-s) (

where
add

(16)

dn d& dn d•(17)

and

(18)
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A convenient relationship between 4 and CIs given by:

1 + 1  (19)

where n and c1 am constants. The range of g is 0 to 1 an varies
betfee 0 and 1. (This is convenient but not necessary). Using
Xquation (19) the expresaions for B, C, and I becom

(n+1) ++ 1  (20)

I 1+ Cl 2
Cm I

+cn + (21)

2+ (n + 1)

n+ l)n + c (22)

A finite-difference tecique can now be ueed to solve Equatio (14).
The left hand sidd of Equation (14) is represented by a forward difference
(In tims) approximation as

t+At - T_
S•t At

at (23)

where the subscript refers to the spacial position or computational node
and the superscript refers to the time position. The term DT/39 Is

Swritten in central difer--nce form as

3T Tn+l+ Tt- 1

ac 2A (24)

and the central difference of the term TXX is

St - tu
T (25)

where the thermal conductivity is a function of temperature.-
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Substitution of Equations (23) and (25) into Equation (14) yields

t t
""tn+ At T Ttn+ At T n+ 1  " Tin-l

T Tt~ ~Tn
2 (D-s) 2  +EnKn A

Cp 
(26)

Equation (26) is the conventional explicit form solution of Equation (14).

Explicit form solutions have an associated stability criterion.
The stability criterion for the heat conduction equation in the x, t
coordinate system is

k At (27)

In the •, t coordinate system this becomes

L [ a 2(28)

The boundary condition at the exposed surface depends on whether
the surface is ablating. This is determined as follows: It is assumed
that the surface is not ablatin$ and the corresponding surface temper-
ature, ig calculated. For a nonablating surface the boundary condition
is given by:

Q -Q m k aCo r a x (3)

Equation (3) can be expressed in finite difference form; however,
because the finite difference method is an approximation, the heat
capacity of the element of the wall at the boundary cannot be neglected.
Hence, Equation (3) becomes (in finite difference form)

T t + At T't + 2a [co -Qr k - 12 1
11 C -(D-sTA~Lc - 1r (D-s) Az -

(29)
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Equation (29) allows the calculation of the wall temperature at
tima •t using parameters khnou at time t. This new vwal tempera-
tuae, T 1t+ Is compared with the ablation temperature T If
TltAt Is greater (loss) than T•B(PB) the material is ablati (not
ablating). If the wall Is ablating, the wall temperature is set equal
to the ablation temperature. To calculate the surface recession rate,
Equation (7) Is usedr Qc -Qr k 7;x

eff h(TAB) (7)

The total surface recession is given by

s(t-&t) -a (t)+I(t) +t (3o)

The boundary condition at the back face Is expressed in finite
difference form as

'IN tM At (31)
where N refers to the total number of computational nodes.

A uvmry of the numeric4l procedure for calculating the tempera-ture profile and window rece. ton as a function of the point (time) in tie
trajectory Is as follows:

(1) An Initial (at time t-0) temperature profile Is assumed.
(2) The boundary layer edge Reynolds number is checked to see if

the flow is laminar or turbulent.

(3) The nonablating heat transfer rate Is calculated by standardtechniques, e.g., reference er.thalpy method.

(4) Equation (29) is used to calculate the front face temperature
at time t+At.

(5) This temperature Is compared with the ablation temperature todetermine if the window is ablating. If the window is ablating Equations(7) and (30) are used to calculate the window recession rate and thetotal window recession respectively.
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(6) Squaticon (26) and (31) are um4 to solve for the temperature
profile at time t + At.

An advance in time As achieved by taklys the calculated tc=perature
profile and usin, it as the initial profile In step 1 and procecdin$
through the remainirg five steps. This process is repeated until the
reentry vehicle impacts.

4. RESULTS

The numerical proceduze was programoed for the CDC6600 computer
(Ref 1) and several saple cases were run for typical trajectories. The
resulting temperature profiles and windov recessions at selected altitudes
were deteruined. (1sf 1)
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THE DEVELOPMENT OF PHOSP ATE-NUCLEP.M GLASS-CEAMIC RADOME

by

P. W. McMillan, G. Partridge, A. Bennett and J. R. Brown
Nelson Research Laboratories

The English Electric Co., Ltd.
Stufford, England

ABSTRACT

In the Nelson Research Laboratories it has been shown that fine-grained
glass-ceramics can be made from a wide range of glass compositions using
phosphorous pentoxide as a nucleation catalyst. These materials have high
mechanical strength, good electrical insulatLg properties and their thermal
expansion coefficients can be vari.ed in a controlled manner. The valuable
combination of properties of the glass-ceramics suggested that they would be
suitable for the manufacture of missile radomes and this possibly has been
investigated in a research program sponsored by the Ministry of Technology.

At the onset of tho work it was decided to study the possibility of making
the radomes by pressing from molten glass since this was considered to be a
simpler and probably cheaper process than centrifugal casting. In addition,
it was proposed to melt the glass in normal refractory-lined rather than
platinum-lined furnaces since this would also result in reduced cost.

A glass-ceramic composition which was thought to have suitable character-
istics for this method of manufacture was chosen and intensive trials were
carried out which showed the properties were reproducible from melt to melt.
It was also shown that experimental ogival radomes 14 inches long and 7-1/2-
inches base diameter could be made by pressing and that these were dielectri-
cally homogeneous from point to point. An investigation of the process of
grinding the radomes to the final accurate shape was undertaken and it was
shown that the high strength of the glass, ceramic could be retained after
grinding. Full measurements of mechanical strength, dielectric properties,
density and thermal expansion coefficient were carried out and these generally
confirmed the suitability of the glass-ceramic as a radome material. Rain
erosion tests both on small specimens and on radomes showed that the material
behaved well in this respect. The work has demonstrated feasibility of this
method of manufacturing missile radomes and current work is directed towards
achieving improved dielectric properties.

INTRODUCTION

Glass-ceramics which are made by the controlled devitrification of
special glass compositions and which have outstanding physical properties are
now well known and are finding use in many applications. The preparation of a
satisfactory glass-ceramic depends on devitrifying a suitable glass composition
under strictly controlled conditions in order to provide a closely inter-
locking microcrystalline structure and a smooth, uncrazed surface. In order
to do this it has generally been necessary to include in the glass a material
which will provide nuclei for subsequent crystal growth or conti'ol the crystal
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formation in such a manner that man crystals of the desired form grow simul-
taneously in the glas. The resultant material has improved mechanical
properties and refractoriness as ccmpared with the parent glass and has good
electrical and thermal properties.

Work carried out in the Nelson Research Iaboratories of the English
Electric Co., Ltd., has demonstrated that phosphorous pentoxide can be used to
catoLyse the controlled crystallization of a wide range of silicate glass
compoitions. It has been 3hown that glss-ceramics of this general type can
have very good mechanical, thermal and electrical properties. For example the
mechanical strengths of the material are generally high (measured on a three-
point loading cross-1 hrecnkng strength test) and mean values up to 60,000 lb/in2

are attainable, Generally speaking it has been found that the higher expan-
-sion materials are stronger than the lower expansion materials but this is not

a rigid rule. Other mechanical properties such as impact strength compare
favorably with thosa of high alumina ceramics. Young's moduli values in the
range 10 to 21 x 100 lb/in2 have been measured and it has been shown that
glass-ceramics of this type can be prepared which have hardnesses comparable
to those of high alumina ceramics.

It has been shown that phosphate nucleated glass-ceramics can have linear
thermal expansion coefficients covering a wide range of values
(.40 to + 180 x 10-7/oC) depending on composition, and this has lead to their
use in the preparation of seals to a wide variety of metals. The glass-
ceramics can withstand temperatures ranging from about 7000 C to about 12000 C
depending on composition. Generally speaking, the lower expansion materials
withstand higher temperatures than the higher expansion materials. The thermal
conductivities' of the materials lie below that of alumina but above those of
conventional glasses. A simple thermal shock test in which heated rods were

Squenched in cold water has shown that materials of this type can have better
resistances to thermal shock than alumina ceramics.

The phosphate nucleated glass-ceramics have been shown to have good
electrical properties. Dielectric breakdown strengtha at power frequencies
are much higher than those of conventional ceramics, including alumina, and
their volume resistivities are similar to that of alumina at room temperature
&d are only slightly inferior at elevated temperatures. Materials have been
made having values of dielectric coastant in the range 4.5 to 7.0 and with
loss angles which can be as low as 0.0003 depending on composition and the
frequency of test within the range of 103 Hz to 1010 Hz.

It was considered that, In view of the possible properties of the phos-
phete nucleated glass-ceramics, materials of this type could be used in radome
epplications for aircraft and guideC missiles, fulfilling the fallowingrequiremeats.

SPECIFICATION OF MATERIAL AND PROCESS

Typical requirements for the glass-ceramice for use in radome applications
can be summarized as follows:
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1. Dielectric Constant at X-band (1010 Hz) - the exact value is not
important provided tnat the value achieved is repro~ucible and that
the individual radomes are homogeneous. The tolerance on the
dielectric constant value is ±0.05 (variation over the individual
radcome and from the nominal) and it should show no greater than a
0.1 change over the temperature range 20-400" C.

2. Loss Angle - this should be less than 0.01 up to a temperature of
4 C at X-band.

3. Thermal Shock Capacity - the material should be capable of with-
standing a temperature rise of 400* C in one second on the outer
surface without cracking.

4. Water Absorption - after soaking for a considerable period the
absorption should be less than 0.06 per cent by weight (this implies
a change in dielectric constant of less than 0.05).

5. Rain Erosion - the material should be capable of withstanding 2 mins
at mach 4 in 3 in./hour rain without detectable damage.

6. Modulus of Rupture - this should be greater than 16,000 lb/in2 and
preferably should be comparable with those of high alumina ceramics
(ca. 4 o,ooo lb/in2 ).

The requirements for the process can be summarized as follows:

S -1. Melting. It was considered that melting should ideally be carried
out in refractory containers rather than the expensive platinum
lined containers which are used in the melting of other glass-ceramic
materials which have been used in radome applications.

2. Forming. It was considered that the forming operation to give the
desired radome shape should be a simple pressing operation since it
was felt 6hat this would take better advantage of techniques which
had already been practised in the Nelson Research Laboratories and
would be a more economic process than centrifugal casting.

3. Grinding. The pressed radome blanks would require grinding accurately
to the desired shape and for this purpose conventional grinding tech-
niques were proposed.

It was realized that in order to fulfill the melting and forming require-
ments the type of glass-ceramic used would be restricted to certain composit-
ional ranges and so the material might not possess the best attainable
dielectric properties but it was cor!idered that materials could be made which
had adequate properties fcr the required applications.

FABRICATION

For this work glass-ceramics of the lithium-alumino-silicate type were
selected. These had been shown on small scale preparation to have suitable
"physical properties.
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A. Meltin

The raw materials required for the preparation of the various glss-
ceramics were thoroughly mixed. The mixtures were melted in molochite
veofrsctories at tecperatures in the region of 1450* C. The glas3es were allowed
to refine until free from bubbles and i'aincorporated raw materials aud eP homo-
geneo=s melt was formed. The molten glass was then worked as described below.
It was found that the extent of the attack by the glasses on the refractories
was only slight and chemical analysis shoved that any individual material was
reproducible to fairly close compositional limits.

In order to enable the de3ired ogival CTV5 radcme shape to be
pressed a mould and plunger were designed for use with a hydraulic press. The
molten glass was introduced, in suitable quantities, into the mould and then
pressed to the desired shape (14 inches long x 7 inches base dia.) using the
plunger ean press. The pressed shapes were allowed to cool in the mould end
when sufficiently cool to retain their shape they were removed from the mould
avd transferred to a furnace where they were annealed for a period followed by
slow cooling to room temperature. Mhe blanks were thus obtained in the glass
state which facilitated examination for voids, inclusions and other
inhemogeneities.I-. C. Feat-treatment

Satisfactory glass blanks were subjected to a carefully controlled
heat-treatment schedule to convert them to iicro-crystalline glass-ceramics.
This process was controlled so that no significant distortion of the radome
shape occurred. A linear change of approximately one per cent in dimensions
)ccurred on heat-treatment but this was controllable and reproducible.

D. Grinding

The glass-ceramic blanks were ground on the internal and external
surfaces using a converted Springfield Lathe as shown in Figure 1. Radome
blanks 14 inches long were ground on both interior and exterior surfaces and
blanks 8 inches long were ground cn the external surface only. Two sizes of
ground radcmes are shown in Figure 2.

T&TIING THE MATRIAL5 AND PRESSED RADOME SHAPES

"Tests have been carried out on semplea taken from pressed radome shapes,
cn the radome shaMpes themselves and on rud and block samples prepared from the
glass-ceramic materials and subjected to similar heat-treatments to the
radomes. The tests carried out were as follows:

1. Modulus of Rupture. Glass-ceramics which could be shaped as above

have been shown to have moduli of rupture in the region of 40,000
lb/in2 at room temperature on a three-point bending test on rc.ý
samples. The strength figure3 obtained wfre reasonably consistent
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Figure 1. Glass-Ceramic Radome Cone Mounted on the ConT-2zted Springfield
Lathe for External Grinding.
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Figure 2. Cones for Dielectric and Rain Erosion Testing.
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A, t~ t l-,,t a thrcu~-h-yt e~ch melt. The influlnCe of
t. : '. retir, on ior dulu:: cf r" rtire hu2 also been nrii:,: .i ci d -t h-i

b, c, • that thv.• , s of ruptleo cf a t-,mical naterialremeiul
..... 1±'.,tv up to a teMnnperatore of 500: C and was greater

than 85 per cen. of its room temperatlur... value at a teurerature of
700' C. Se, Figureý 3 in which data for a high a7irina content
cero-mic arc also iven

2. 1 ,ro a _trcn. t The impact strengnth has been me:a-istured on rod
san-Dics us-in•.- a Charpy test tec!hni-jue. The impa-e; str=migths obtalned
were about 0.32 ±t. ib at room te.Perature (coarad with 0.16 ft.lb

for an alu=ina cerriic tested under similar conditions). The impact
strengths fell to between 60 and 80 per cent of the room temperature
value at a temperature of 700' C but this decrease was much less
than occu=rred with an alumina ceramic the impact strength of which
had fallen to 50 per cent of its room temoerature value at 300! C and
was too low to measurp with the test equipment at higher temperaturcs.

3. Linear Thermal E-uansion Characberistics. The initial materials
prepared in this woik had linear thermal expansion coefficients in
th? range 55 - 60 x l0-7/°C but later materia7• had expansion
coefficients of 45 - 50 x 10- 7 /°C or even ) (compared wish the
figure for alumina of about 75 x 10-

7 /°C) Lor the temperature range
20-500' C. The values obtained were reproduchble from melt to melt
and throughout each melt. The glass-ceramics prepared would all
withstand temperatures up to 700' C for prol),ied periods and up to
8000 C for short periods.

4. Density. The densities of glass-ceramic sa-pl-aes were determined to
±0.002 g/ce at 20' C and were generally in the range 2.400 to
2.600 g/cc for the series of materials examined. Density measure-
ments have long been used in the glass industry as a quiuk and
accurate check on the reproducibility of a glass and the density

ials were homogeneous within each melt and that only very slight
changes uccurred from melt to melt.

5. Microstructure. Electron microscopical examination revealed that the
glass-ceramics under test were fine grained materials with closely
interlocking crystals about one micron in size. A typical electron
micrograph is shown in Figure 4.

5. Rain Erosion Resistance. Rain erosion tests have been carried out on
a material of thetype under investigation on test samples one inch
squar. by 1/!4-inch thick using a whirling arm test at 500 mile/'hour
in one inch/hour of rain and on ground ogival radome shapes using a
rocket sledge technique at a speed of 162[4 ft/second through 5 inch/
hour of rain. 'While the conditions of test were less severe than
those specified earlier, the general conclusion from these tests was
that the rain erosion of the material was sufficiently high for
immediate requirements. It is the aim of current work to improve
this quality.
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7. Diele~ctric Properties at X-band. i'Xerric property mcasuremernts
liave been carri!d out on tes* samlf- ;i:ce directly from the melts
of the various materials and on samples cut from various positons
in pressed radome blanks. The tests were carried out generally at
a frequency of 9.6 GHz on rectangULar samples (measuring 0.9 x 0.4
in. waveguide fit) using a sholted waveguide technique and at tem-
peratures up to 4000 C. .

The dielecric constant figures for the various materials tested in the
work described fell in the range 5.5 to 6.5 -t room temperature, and wtre
reasonably consistent throughout a particular melt but showed slight varie-
tions from melt to melt of a ppxticular material. Measurements have also been
carried out on samples cut from oressed racom- shapes and the resi"1 'Q obtai n-_
have shown that each material is homogeneous from a dielactric point of view
throughout individual pressed shapes and generally from shape to shape.
Measurements carried o..t by Elliott Brothers Ltd. on ground radome shapes

pressed in one of the materials showed that the material had an acceptable
tolerance on dielectric constant (±0.05) throughout an individual pressed
shape and amongst the various shapes tested.

The variation in dielectric constant with temperature up to 400' C is
shown in Figure 5. In the initial material teste.d in this work (designated
Glass-ceramic A) the change in dielectric constant (0.6: 20-.4000 C) was
Plir-htlz,- greater than that for a high alumina ceramic (0.5 : 20-4000 C) but this
was reduced considerably for later materials (designated Glass-ceramics B and C)

which had changes in dielectric constant of 0.4 and 0.3 respectively, 20-400O C.

The loss angle of the initial materials was slightly above the deisred
limit of 0.01 at room temperature and increased at temperatures approaching
400O C. Later materials, however, have been shown to have loss angles in the
region of 0.007.

CONCLUSIONS

It has been demonstrated that phosphate nucleated glass-ceramics, basically
:- th? t yh-.-- o.1-slilea j •e can have suitable properties for use as
radome materials and that these can be melted in refractory crucibles and
shaped by conventional pressing techniques.
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ABSTRACT

The spread in values for much of the mechanical property data reported J
for ceramics has given rise to the charge that these materials li-•t ur.ifo:'-
mity, reproducibility, and reliability. This paper reviews the state of the
art of relating the mechanical prorerties of ceramics to 3uch character fea-
tures as microstructure, porosity, surface finish, strain rate, etc. Special
attention is given to methods and techniques used for evaluating ccra:ics in A

an effort to determine: (1) their ability to identify the sources of vari-
ability, and (2) th; degree to which the test techniques themselves introduce I
variability.

IINTRODUCTION

During recent years a multitude of electrical and mechanical property
data have been reported for various ceramic radome materials. These data have
suggested a rather wide range of property values for apparently equiialeut
materials. This situation has focused attention on the problem of determining
the mechanical behavior of ceramic radome materials.

With respect to electrical property data, there is a growing -iarenes3
that the purity of the material is an important variable, partic';:rlv at high
temperatures. K. H. Breeden's paper mentioned the importance of specimen shape
and dimension tolerance in obt." *-a Tm--'ngful dielectric properties at milli-
rLeter wave -.Lgths. However, 1,* [he radome field in general, there has been
little attention given to considering variability in mechanical property data
other than to assume that the same generalizations apply as in the case for
electrical properties. Since mechanical property data are a result of many
interdependent factors that are not generally recognized it was felt that the
radome engineer should be given some background into the mechanical behavior
of ceramics. This subject was therefore discussed in an informal talk during
the Symposium. This talk was based on the author's activities on the Materials
Advisory Board's Ac Hoc Committee on Ceramic Processing.

BACKGROUND

The past few years have witnessed increasing efforts by many investigators
to develop a better understanding of the behavior of ceramics based on the
microstructural nature of these materiali.

Recently several excellent reviews h .ve been published on the subject.
Examples of these are reviews by Stokes 1/, Wachtman 2/, Spriggs 3/,
Carniglia 4/, and Kingery and Cable 5/. Based on these reviews, attempts
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have been rmade to identify those microstructtural features which wcre most
significant vith r ýc mn chanical beha•i•r. Hcwuver, the reu.... ofthese reiw raeý Il -- , - 3-
these revicis have illustrated the ccmplexity of such a relationship arid nave
focused attention on the fact that numerous interdependent variables influence
the mechanical behavior of eenr.ics. In fact, such reviews serve to caution
us against ra,4wing w { s...ee.ing conclusions from data which are reported in the
literature. This is particularly true where little attention was given to
characterization and/or test techrniques. They also suggest that much more
attention will have to be given to planning and designing future progracms
invciving material characterization and property measurements if ýhe data
obtained are to have the desired significance.

CHAPACTM- FR OPFRTY RPEITI ONSH iPS

The limited use of ceramics and other brittle materials for critical
mechanical applicatins is often associated with their apparent lack o2
uniformity, reproducibility, and reliability. Uniformity refers to consis-
tency of character throughout a specimen or part. .e.roducibility indicates
consistency of character from part to part. Reliability means consistency of
the character of a product from day to day.

if adequate characterization techniques were available and if character-
property relationships could be established then the degree to which ceramics I
are not uniform, reproducible, and reliable could be determined.

In attempting to specify which elements of character may influence
specific properties, it should be recognized that'R considerable amoulnt of
interplay exists between the various character features. For example, tensile
strength measurements on ceramic bodies having rough and heavily damaged sur-
faces would not be expected to show a large dependence of strength on grain
size or porosity. However, as the quality of the surface is improved the
strength may' be increased until it is influenced by the grain size utilized
and a grain size affect is observed. As the grain size is altered to effect
higher strength, the surface condition or some other factor may become
limiting. In addition to these factors it should be pointed out that as the
grain size of a body is changed by altering the thermal treatment, the extent
of segregation of impurities to the grain boundaries may cause significant
property variations quite unrelated to the grain size itself. Thus, before
judging that a certain factor does or does not significantly influence some
property, it must be established that another factor is not obscuring the test
results. This also emphasizes that when one factor is judged, the state of
several other potentially limiting factors l-st be specified.

A. Grain Size and porositZ

Binns and Popper ý/ reported transverse strength, average grain
diamnter, and density for a wide range of alumina ceramics obtained from a 4
number of manufacturers. These compositions varied from 87 to 99.9 per cent
AI2Oo. The data were obtained from bars of rcand and square cross sections
one cm in diameter or one cm on a side, broken in three point loading over J
a 10 cm span. Figure 1 shows the transverse strength plotted as a function
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of grain diameter. The round and square data points are for round and square

bars respectIvely. i~nes connect points where both types of bars were broken
for the same compositions. The numbers beside the data points are per cent
A120 3 over the per cent porosity. These data show that A1203 ceramics may
exhibit transverse strengths from 20,000 to 50,000 psi depending upon
composition, test bar shape, and porosity. It is interesting to look at the
data for the specimens of a nominl 10 micron particle size and note that for
the round bars with a composition of 93 - 94 per cent A1203 and 9 - 10 per
cent porosity that the transverse strength ranges from 28,000 and 50,000 psi.
This suggests that th• strength might vary by a factor of almost two for a

rather narrow range of particle size, composition, and porosity. Comp!3rison
of strength data from round and square bars shows that, with one exception,
square bars give lower -alues, sometimes considerably lower than the round
ones. Binns and Popper suggested that this might be due either to purely
geometrical factors, such as sensitivity to misalignment during testing, or

to material factors, such as the frequency of flaws in the sharp edges of
square specimens. However, since only limited characterization was performed,
it would be impossible to assign any significance to the data. These data are

included in this discussion to illustrate the typical use of the "Conventional
Characterization" such as porosity, average grain size, and chemical
composition.

Many investigators have observed a strength-grain size relationship when

the composition, porosity, surface finish, and heat treatment have been care-
fully controlled end where all processing has been within one organization.
Such work is typified by that reported by Spriggs, Mitchell, and Vasilos 7.
An example of their data is qhown in Figure 2. Spriggs, et al. also reported
that at a grain size of 2 micron the transverse strength decreased from

70,000 psi to 55,000 psi when the porosity was increased from three to six per

cent. From these data it can be seen that there is a definite relationship
between strength and grein size and porosity at this level of purity when all
other parameters are adequately controlled. Although such data substantiate
the fact that pores (including microcracks) effect the strength of ceramics,
it appears that the size, shape, location, and distribution of these defects
may be more important than quantity as far as influencing scatter in data.

As in the case of pores and defects it may be that variations of grain

size and geometry within the structure are more important as a source of

scatter of data than average grain size. Pears Y/ reported a study of a poly-

crystalline alumina of 98 to 99.5 per cent of theoretical density and a
1-3 micron average particle diameter that provided tensile strength values
that ranged from 20,000 psi to 50,000 psi. Fractography revealed the strength
differences were probably more related to grain size variations within a
specimen and other microstructure anomolies than to slight changes in total
deasity and average grain size.

B. Surface Firish

The condition of the surface of a brittle material has a major
influence on the strength cf the specimen. This is particularly true when
the specimen is stressed in tension or flexure. Therefore, any variability
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in surface finish, surface flaw concentration, or distribution, would be
expected to have a direct effect on the scatter of data.

The need for a high quality (low rms) surface finish can be compared to
the need for high quality testing methods. Both are mandatory if the data are
to be indicative of the true strength of the material. A poor surface finish
does not necessarily yield scatter in data, but will result in lower apparent
strength values. However, if the surface finish is not uniformly "poor,"
scatter in data would result. It might be expected that surface finish
variations would be more critical with respect to scatter of data as the
average surface finish becomes of higher quality. Figure 3 shows this effect
from Atsa presented by Pears 8Y for a particular alumina composition which he
studied. It can be seen that the tensile strength dropped from 37,000 psi to
32,000 psi with a change in surface finish from 20 to 35 rms. A change in
surface finish from 120 rms to 300 rms resulted only in a change in strength
from 25,000 psi to 23,000 psi. Also a poor surface finish can often mask
other effects. For example, Figure ý presents data reported by Pears which
illustrates the influence that surface finish exerts on the temperature-tensile
strength behavior of a particular aluminum oxide. A definite temperature
effect was observed at a surface finish of 20 rms which was essentially

1liminated when the surface finish was 120 rms.

It should be emphasized that the use of root mean square surface finish
indices at best provide only a control of surface consistency for comparative
purposes. They do not describe the integrity of the surface with respect to
its ability to withstand stresses, or identify surface or subsurface micro-
cracks or cracks. These flaws would be expected to be a major source of
scatter of data, and are not easily detected by current characterization tech-
niques. Their contribution to the scatter of data can vary depending upon the
size of the specimen and the size of the flaw. Figure 5 by Pears §/
illustrates that microflaws in the form of 1/64 to 1/32-inch cracks reduced
the tensile strength of 1/8-inch diameter specimens of a hot pressed alumina
body by about 9,000 psi, but the same defects reduced the strength of 3/4-inch
diameter specimens of the same body by only about 1,000 psi.

TET METHODS

The brittle nature of ceramic materials prevents load redistribution
under conditions of testing as well as in actual use. This unforgiving
physical character of ceramics must be considered in the interpretation of the
numbers obtained from testing, in that the number can be influenced by condi-
tions peculiar to the test itself. That is, the number, which suppcsedly
represents a real material property may be so influenced by the "conditions of
the test" that a real material property is not successfully measured.

It is the purpose of this section to review the results of a state of the
art survey concerning the testing of ceramics, primarily regarding their
tensile fracture strengths. This survey brought into focus two areas which
must be considered when obtaining property data for ceramics. First, the
recognition that the behavior of ceramic materials to a given test is a
function of the test and the test specimen, and that material inhomogeneity
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contributes significantly to date scatter. Second, the accurate determination
of tensile fracture strengths depends upon test methods which introduce a
minimum of parasitic stress and a maximum definition of test conditions.

A real material property is one which results solely from some constitu-
tive material response per se, unperturbed by the response of the specimen and
the test conditions. In order to attach physical significance to material
changes, the difference in a material property must be greater than the
influence of specimen and test conditions, while the test employed must allow
the accurate observation of the material change.

Once the properties and conditions of interest are defined, the problem
remains of selecting a suitable test method. Because of the stringent require-
ments introduced by the nature of ceramics, this selection demands extreme care
and demands further that the tester be oriented to the total problem. There
is no single, simple test that can be recommended for all properties under all
conditions. The chances are that there is no single value for any property but
that each is a function of the "conditions" of the test.

Some of these conditions which should be controlled or at least recognized
as influencing the property data obtained are (1) uniformity of the imposed
Sstrain, (2) temperature, (3) strain rate, (4) specimen geometry, (5) surface

finish, (6) method of loading, etc. Temperature and surface finish have been
previously illustrated.

The amount of undesirable bending stress that might be realized in the
usual apparatus used to determine the tensile strength of ceramics has been
studied by Barnett and McGuire 2/. Theyr instrumented a single ceramic dogbone
tension specimen to study the ;ercentage of bending introduced into the speci-
men through the grips. The dogbone was placed carefully in a set of grips,
loaded to some level, and the total stress was compared to the nominal tensile
stress. The specimen was then removed from the grips and carefully replaced
again to repeat the procedure. The resulting rectangular distribution of
"per cent bending stress" is shown in Figure 6. We observe that bending
stresses are obtained which are greater than 90 per cent of the uniform ten-
sile stresses and that they are Just as likely to occur as the lower stress
values. In view of these parasitic bending stresses, it is not surprising
that the simple tension test has fallen into disuse as a means of determining
statistical fracture strength parameters.

The strength of ceramics does vary with stress rate at room temperature
and even more dramatically at higher temperatures. Pears 1L0U/ showed in
Figure 7 that for a 20 rms surface finish, the influence of stress rate over
the small range investigated was quite small at 70* F but significant at
10000 F and 16000 F. Other work on the same material 1_/ and shown in
Figure 8 indicated that a much larger range of stress rates could introduce a
range in fracture strength of from 24,000 to 34,000 psi. Here again, stress
rate is a significant controlled condition in the mechanical response of
brittle materials and, therefore, must be controlled in studies of behaviors.
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Figure 7. Tnfluence of Strain Rate on Strength of Pressed and Fired Alumina as
a Function of Temperature for Two Different Surface Finishes
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From the previous discussion it is evident that "conditions" associated
with any test must be accounted for in any program to establish property-
character relationships. For tensile strength data the test apparatus should
provide a uniform and predictable stress distribution in the gauge volume of
the specimen. Two types of tensile test apparatus will be discussed as being
capable of providing a homogen;!ous state of stress.

A. Gas Bearing 12/

The purpode of the gas-bearings is to eliminate parasitic stresses
in the specimen by (1) accormodating the misalignments that usually occur as
the crosshead moves, and (2) permit detection and elimination of "kink3" in
the load train by virtue of the ability to rotate the load train before each
run and check its "run out" with dial indicators. The precision of the strain
measurement is to 0.000020-inch and the parasitic stress introduced in a ten-
sile specimen is about 0.1 per cent. This apparatus is shown schematically in
Figure 9.

B. Pressurized Ring 13/

The pressurized ring has been developed over recent years for the
purpose of avoiding, in tensile testing of brittle materials, the generation
of parasitic stresses caused by misalignment. gripping, and various other
stress concentration factors. Figure 10 shows the pressurized ring apparatus.

The method takes advantage of the intrinsic properties of hydrostatic
pressure in that the internal force is always normal to the confining surface
and absolutely uniform at every point of contact. The test specimen is a

short, thin-walled cylinder against whose inner wall hydrostatic pressure is
applied through a rubber bulb. This pressure, exerted radially, creates in
the wall of the specimen a tangential tensile stress whose magnitude can be
computed exactly f-om the value of hydrostatic pressure applied and the
geometry of the specimen.

Another type of internally pressurized ring is possible 41 which the
cylinder specimen is floated between two conical end pieces that permit a
controlled gas leakage out the gap between the specimen and end pieces.
The advantage of the floated specim-n is that it permits the possibility of
operation at high temperatures since an internal bladder is not required.

MATERIAL PROCESSING

Before concluding this discussion, some attention must be given to the
materials processor since it is his product which will be used for these
critical applications. His ability to provide a uniform, reproducible and
reliable product depends not only upon his :ontrol of raw materials and
process but upon his knowing when his product is deficient with respect to
uniforrity, rtproducibility or reliability. This, of course, depends upon
the ability to characterize his product.
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Rubber Bulb

ýConical Plug 7 .

Bottom Plate(b

(a))

Figure 10. Tensile Test Specimen Holder (a) Exploded View, (b) Assembl.ed Unit
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Only a few programs have been found in the literature in which sufficient
characterization of the material was performed and care in testing was exer-
cised that confidence could be placed on the property data obtained and where
the scatter in data might be related to variability in the material. This was
possible only in a few cases where the test apparatus was of high quality and
properly used, and the test specimens were properly prepared, machined, and
surface finished. The results of these programs have shown that the ceramic
processor tended to overestimate his ability to provide the same product from
day to day and batch to batch. This was observed with respect to research
processors as well as production processors. This appears to be based on the
assumption that he is aware of the ceramic process parameters that determine
the character of his product, and that he has these under adequate control.
However, as a result of sophisticated testing of certain of these products it
has been possible to uncover character features that were not controlled, and
as a result were directly responsible for variability in property data. There-
fore, one of the objectives of this paper is to communicate the need for
adequate characterization and precisely controlled testing to reduce a major
source of variability and therefore aid in developing wider use of brittle
materials for critical structural applications.

CONCLUSIONS

The complexity of the problem of establishing quantitative character-
property relationships has been emphasized in this discussion. This was done
to draw attention to the fact that the current state of the art of material
characterization and property measurements is one that might be described as
an emerging technology. The vast majority of the work to date has been
extremely nieve. Most of the published data upon which character-property
relationships have been based were obtained under conditions where neither the
test technique used nor the material was adequately described or characterized.
Even less attention has been given to material characterization with respect to
the abundance of mechanical property data for brittle materials which fills the
literature. The problem facing us now is one of communicating to the radome
designer the critical role that material characterization and mechanical testing
techniques play in determining the behavior of ceramic radome materials and to
encourage him to take these factors into account when using published mechani-
cal property data in designing ceramic radomes.
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PRECISION MEASUREMENT OF RADOME PERFORMANiCE

Bernard Rolsma
McMillan Radiation Labs, Inc.-
Ipswich, Massachusetts 01938

ABSTRACT

This paper presents a simple measurement system which
provides accurate performance data on radomes. The system
has been used and the results have been correlated with
computer analysis.

INTRODUCTION

The classic measuremcnt methods of obtaining radome
window performance are not accurate enough to determine if
the window which was fabricated is what was designed. The
measurement techniques, as typified by MIL-R-7705, will
provide results which cannot be accurately tied back to
window laminate parameters.

The wide band reflection measurement technique or ARCH
measurement used at McMillan does provide an accurate picture
of what the window is doing and its output data can be used
to analyze window laminate parameters. The ARCH measurement
is a bistatic reflectivity range which uses a sweep oscillator,
a broadband detector and an oscilloscope analyzer.
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NZASURRER SYSTEM

The ARCH measurement system is an updated version of
the Naval Research Laboratory (NRL) reflectivity arch system
originally used for measuring absorber reflectivity. The
signal source is a sweep oscillator, the detector is broad-
band, and the display is an oscilloscope analyzer which
provides a sweep in frequency versus db.

Figure I ts a diagram of the Reflection Meter.

_ep ... Sweep Oscilloscope

weepnc 'An Analyzer,equency .... nd .... •
•cinator "|..-....._.

" ..... " '\'./ '-Wide Band

/-Dtector

Standard Gai Standard Gain
Horn Horn

A-I

UP= Bistatic Angle

of Incidence
I ii

/1

.. Laminate
or

Rf erence
High perfo mance absorbe
, McIill FC 40

FIGURE I
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The reflection method of obtaining performance relies
on the fact that a low loss laminate will exhibit minimum
reflection at the frequency where the wall is an electrical
half-wave. The balanced A sandwich and multilayer
sandwiches also exhibit this property of a point of minimum
reflection. The curve of reflection is sharper in contour
over a broad frequency range than is the curve of transmission !K1
which accounts for the method's ability to provide accurate
data.

Figure II is a scope picture of an A sandwich with
.038 skins and a .126 core. Frequency is from right to
left starting at 12.4 GHz and stopping at 17.4 GHz. The
three (3) markers are set at 13.250, 13.575 and 13.790 GHz. I
The center marker was set at the curve minimum. The top
horizontal line is the reference .erom a metal plate. The
reflection from the A sandwich was approximately 38 db down.

-.. .0 db

-10 db

-20 db

_i -'30 db

~*. -40 db

17.4 16.4 15.4 14.4 13.4 12.4 N
FIGURE II
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Figure III is the result of a computer run of the
A sandwich (assuming the lossless case). The computer
'input data accuracy at McMillan has been greatly enhanced
by the use of the null measurement on the arch. Sandwich
unbalance, sich as caused by uneven bulking or excess paint
on one side, will show up by a filling in of the null. The
ARCS test has also shown the benefits derived from painting
both sides of a radome to maintain a low reflection. Anotuer
fact concerning a balanced sandwich or a solid laminate radome
is• A radome designed at A for a maximum transmission
e • liciency (Minimum Reflection) at an angle of incidence other
than the test angle 0 of Figure I will have a minimum ref lec-
tion, (Maximum transmission efficiency) at a frequency fe at
the test angle a. The relationship of frequency and e is
"rteadily obtainable by using standard transmission equations.

0.

4I0

r4

.40

-40

17.4 16.4 15.4 14.4 13.4 12.4

GHz
COMPUTER RUNOFF OF A SANDWICH 0.038 SKINS, 0.126 CORE

FIGURE III
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Figure IV shows the relationship of where the null
occurs in frequency for various angles of incidence . -., The

sharpness of this curve illustrates the need for the accurate
measurement of e. The ARCH measurement can be made at any

angle a up to the point where coupling between horns affects
the measurement, usually below 400.

This measurement technique has been used to excellent
advantage as a production check, and when correlated with the
radar system radome performance has permitted a reduction in
the amount of testing usually required on the system test
range.

5

0 40

$44

• 30

*N

0 10

0
17.4 16.4 15.4 14.4 13.4 12.4

GHz
ANGLE OF INCIDENCE VERSUS FREQUENCY OF MINIMUM REFLECTION FOR

AN A SANDWICH WITH 0.038"SKINS AND 0.126"CORE (PERP.POLARIZATION)

FIGURE IV
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DEVELOPMENT OF THE RADOME FOR THE

CONCORDE PROTOTYPE AIRCRAFT
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Guided Weapons Division
Stevenage Works

Stevenage, Hertfordshire, England.
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ABSTRACT

The operating conditions of the supersonic transport are more akin to those
applicable to the latest military aircraft than to past civil aircraft. Experience
gained at B.A.C. on radomes for guided missiles and military aircraft has enabled
a radome for the Concorde to be designed which is within our present technology.
A solid, half-wave epoxy laminate was chosen for the basic radome. Economic
considerations led to the use of matched moulds for radome manufacture.

The basic design is for low transmission losses. However, the presence of
a large boom, various services and lightning conductor strips degrade the
performance.

This paper examines the various items leading to the chosen radome form
giving some indication of thu problems encountered and the progress to date.

INTRODUCTION

In mid-1963 the Guided Weapons Division of the British Aircraft Corporation
was charged with the problem of producing a nose radome for the Concorde super-
sonic tr2ansport. The division has a great deal of experience in the design,
development and production of radomes for supersonic flight. Large numbers of
radomes were designed and produced for Bloodhound and Thunderbird guided
missiles at B.A.C., while the radome for the supersonic fighter, the Lightning,
was designed by the guided weapons division. The radofne for the T.S.R.2 strike
aircraft had also been under development within the division before concellation
of the project.

It was felt that the experience gained on these projects would be directly
applicable to the Concorde as its specification is quite unlike that of previous civil
aircraft but more like that of a military aircraft but with even greater emphasis
placed on safety, life and cost.
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SPECIFICATION

The original specification covered a wide field of properties and also laid
down stringent mechanical and electrical performance requirements. The signi-
ficant features of the specification are as follows:-

1. Basic Radome Laminate

1.1 The Ultimate Tensile strength was to be greater than 10,000 p. s.I. at
1300C following 4000 hrs. soak at 130 0 C.

1.2 Young's Modulus was to be greater than 0.4 x 106 lbs/sq. in. at 130°C
following 4000 hrs soak at 1300C.

1.3 Physical properties such as the coefficient of expansion and thermal
conductivity were specified together with a heat distortion temperature
of the resin system of greater than 200&C.

2. Moulded Radome Environment and Life

2.1 The Radume was to be suitable for world-wide operation.

2.2 Climatic conditions specified levels of humidity, rain and ambient
temperatures of -50PC to +90°C.

2.3 Operational temperatures against tiroe for a typical flight were
specified (figure 1) and the radome was to withstand short periods of
exposure at 1900C at the radome tip and 150 0 C at the rear attachment
ring.

2.4 Target service life was to be 45,000 irs. of flying,subject to periodic

visual inspection.

3. Electrical Performance

3.1 Operating frequency range of 9.314 to 9.405 G.Hz.

3.2 Attenuation shall not exceed 1.5 dB peak or 0.75 dB averaged over
t 60P in the plane of the radome axis.

3.3 Aberration shall not be greater than 10 in the azimuth plane and 0.50

in the pitch plane.

3.4 The presence of the radome shall not increase any siealobe level by
more than 3 dB at any look angle.

J.5 The V.S.W.R. shall not be greater than 1. :1 when seen by a
matched antenna.
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3.6 All the above figutres shall apply when the radome is measi_:-cd vith I
the correct antenna.

SELECTION OF MATERIAL AND TYPE OF CONSTRUCTION

The selection of a suitable resin system, reinforcement, and type of con-
struction for a radome is an involved problem embracing many parameters such
as physical properties, tooling and cost, and the Concorde is no exception. As was
noted above the specification for the Concorde radome is in many respects like that
of a guided missile. B.A.C. experience with half-wave solid laminate radomes led
one to expect that less risk would be involved with this foý'm of construction than
with any other for the prototype aircraft.

A major advantage of the half-wavelength design is that the radome is over-
strength (though this is paid for by increased weight). This results in a design
flexibility which allows a choice of reinforcement form. Production experience on
missile radomes has shown that knitted glass stockings give a product which is
more economic than woven shapes in initial price,tooling and assembly on the
mould.

An investigation into resin systems quickly narrowed the field to the polyester
and epoxy groups. The final choice for the prototypes fell on the C.I.B.A. 33/1020
resin with HY906 hardener. It was felt that this system had the best all round
strength retention characteristics both with temperature and age, and good ri
electrical consistency at elevated temperatures.

METHOD OF MOULDING

Two methods of making a half wavelength solid wall radome are by hand lay-
up on a male mould,and by moulding between matched tools. The first technique is
often used for prototypes and experimintal work,though this is felt to be a false
economy where a production requirement exists. It is considered that the hand
lay -up method will eventually cost more than laying down production type tools in
the first instance and the testing Involved'would institute undesirably long production
lead times.

The design of the mould is in principle very simple but due to the size and .

shape manufacturing problems have been encountered. The radome is a straight
cone of circular cross section, 91 ins. from tip to base and 44 ins. base diameter
(pre -production radomes will have an elliptical cross-section). Cast aluminium
was used for the construction of the moulds as this gave a relatively light,rigid
construction which could be heated as an aid to curing of the resin. Heating was

accomplished by the use of Isopad heating jackets. These jackets are fitted to the
inside of the male mould and the outside of the female mould. They were divided
into 18 zones, each accurately controlled by thermocouples.

Handling equipment had to be designed which could give easy access to the1 "
male mould, mould assembly, inversion, moulding and final positive ejection of the
radome. Figure 2 shows the assembled mould mounted within the handling frame.
The total mould weight is approximately 31 tons.
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Figure 3 shows the basic mouldiug layout. Following burface preparation of
the male mould the knitted glass stockings are laid-up and fastend with metal hooks
to the steel ring on the mould. The female mould is then positioned over the lay-
up and clamped down. The mould Is thý_ inverted and the glass reinforcement dried
at 7%•C by the use of the heating pads. Following the drying operation the mould
temperature is reduced and stabilised at S0°C. Air is then removed fzom the mould
and the vacuum adjusted to 25 ins. of mercury. The resin is then fed into the
mould at a pressure of 40 lbs/sq. in. The mould takes about 7 hours to fill. The
moulding is then cured for 72 hours at 500 and the allowed to cool to room temper-
stare. Ejection is then carried out using hydraulic jacks under the steel ring which
encircles the base. After ejection the moulding is subjected to a gradual post cure

ti schedule. The moulding technique has been completely established on three
radomes. Thermal cycling tests, and trial installations have been carried out, and
to date no further modifications to the build have been required.

"ELECTRICAL TESTS

The prototype Concorde radome is fitted with a large boom 48 ins. long and
about 11 ins. in diameter. This boom is attached to the radome by an assembly
4 ins. in diameter. The boom supports incidence vanes and pitot tube. Along the
length of the radome lie three pipes carrying various services and two lightning
conductor strips.

The specified attenuation of 1.5 dB peak is for the complete assembly.
Measurements give a figure of 2.5 dB. The greater part of the remainder of this
paper is concerned with Investigating the discrepancy.

The attenuation investigation has been broken down to cover four main regions
namely:-

I. wall thickness

iU. nose hardware and pitot tube

ill. three service tubes and

Iv. lightning conductors.

CLEAN RADOME

The present nominal radome wall thickness is a calculated figure based upon
a measured dielectric constant of 3.68. It is known that a taper exsts on the wall

. thickness of prototype radomes. This taper leads to an average radome wall thick-
ness that is thinner thn desired. Thus an optimum frequency will exist in
practice which is a little higher than thýe sign figure and the optimum will not be
as good as predicted by theory.

The peak attenuation, which occurs on-axis, has been measured over the
frequency range 9.2 G.Hz to 9.6 G.Hz. This showed an optimum as expected a
little above 9.6 G.Hz. The measured value is about 0. 1 dB above that predcted
for a wall thickness corresponding to a design frequency of 9.6 G.Hz, a dielectric
constant of 3.68 and a loss tangent of 0.015. The difference of 0.1 dB is probably
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due to the taper of the radome wall thickness. It was therefore concluded that a
clean radome of constant thickness could be designed to give 0.7 dB attenuation at
9.375 G.Hz.

NOSE HARDWARE AND PITOT

The nose hardware and pitot were then added to the clean radome and the
extra attenuation measured. This came to approximately 0.9 d3 which is mainly
due to the nose hardware. Calculations of aperture blocking showed that the
measured value is about twice that expected from theory. This could be due to
other scattering mechansims existing caused by the length of the obstruction and its
proximity to a dielectric skin. This was che-ked by replacing the nose hardware
with a metal disc of the same diameter. The attenuation was measured as 0.5 dB.

SERVICE TUBES I
These tubes consist of two, 3 ins. diameter, mounted together on one side

of the radome and a third, J ins. diameter mounted on the other. When mounted
at opposite sides the peak attenuation due to the tubes is 1.0dB. As the tubes are
brought together this attenuation decreased to about 0.3 dB when all three tubes are
together and crossed to the E vector.

LIGHTNING CONDUCTORS

The conductors are two strips, 1- inc wide, 138° apart and almost in line
with the E vector. Under these conditions a loss of 0.5 dB results. An investigation
was carried out into the effect of varying the strip widths as well as position. A
peak in the attenuation occurs when each strip is about 1 ins. wide. This is assumed
to be due to the normal width resonance modified by the presence of the dielectric
surface (The wavelength in the dielectric is 0.65 ins.). Minimum loss also occured
when the two strips were brought together and crossed to the E vector.

COMPLETE RADOME WITH FITTINGS

As a final measurement all the fittings were put into their normal places. In
this condition the services are shaddowed by the lightning conductors which run on
the outside surface of the radome. The peak loss measured at 9.4 G.Hz was 2.5 dB.
Summing the individual losses of 0.9 dB for the clean radome, 0.9 dB for the nose
hardware and pitot and 0.9 dB for the lightning conductor strips and shaddowe
services, we obtain a figure of 2.7 dB.

This shows that the total improvement expect.ed can be obtained by
* summation of the individual improvements.
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SUMMARY OF ATTENUATION PERFORMANCE

No single modification can be made which will reduce peak losses to the
specified 1.5 dB level.

1. Wanl thickness. At present this is slightly non optimum. When
optimised and with no taper a figure of 0.7 dB may be achieved. A
lower figure will only be obtained If the basic resin were changed for
a lower loss material.

iU. Nose hardware. The pitot wLe Itueli is assumed to be ,ncnangeable
and only contributes 0. 1 dB. If the nose hardware were to be
redesigned a performance approaching that of a flat metal disc might
be achieved, say 0.6 dB plus 0.1 dB for the pitot tube.

lii. Lightning strips plus services. It is clear from the experiments that
for best electrical perfcrmance the strips and services should be
mounted in the H plane of the radome i. e. at the top of the radome.
Whilst this might be possible for the services the efficiency of the
lightning strips may be impaired. A compromise may be struck by
moving the lightning strips to a separation of 800, giving a loss
of about 0.5 dB.

ABERRATION

This is measured by noting the change in direction of the polar diagram main
beam peak response whev the radome is fitted. Although an inaccurate method it is
still sufficiant for the purposes of this measurement. Aberrations measured are
well within the specification.

SDELOBE DEGREDATION AND V. S.W. R.

Measurements of polar diagrams with and without the radome showed that
sidelobe degredation and V. S. W. R. are greater than specified. In view of the
relatively high transmission loss caused through blockage and scattering by nose,
strips etc. it is not surprising that the sidelobe and V.S.W.R. performances are
degraded. However, an improvement in loss will result in an Improvement in
sidelobes and V. S. W. R. andshould enable the specification to be met.
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CONCLUSION I
The manufacturing techniques foi" making a pressure injection m oulding of the

size of this radome have been established and a number of radomes made. Radomes
have been subjected to thermal cycling, strength, and trial installation tes, and
Irve met thx requirements. The electrical performance is below the prototype
specification but the reasons are known and modifications are in hand to Improve
the situation. The knowledge obtained by our test programmes will now ensure
full performance on the pre-production and production radomes which differ
physically from the prototype discussed in this paper.
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X-BAND DIELECTRIC CONSTANT OF SLIP CAST FUSED SILICA

B. Fellows
HITCO

Gardena, California

1.0 INTRODUCTION

Slip cast fused silica is being used and considered for a wide
range of electromagnetic window applications. Among the prooertles of
special importance to the design and performance of such a window Is
the dielectric constant.

The dielectric constant of any material In qeneral, but In
particular SCFS, Is Influenced by the composition, micro-structure, and
density,

2.0 THEORETICAL CONSIDERATIONS

A SCFS EMwIndow can be considered as a distribution of porosity
and impurities In the silica matrix. For the case of Isotropically dis-
persed phases In the silica matrix the logarithmic mixutre rule alves:.

log K w VI log K1 (I)

where K, w dielectric constant of phase I

VI a volume fraction of phase I

The major phases present In SCFS are: (I) fused silica con-
taining Impurities In solution, (2) cristobalite, and (3) air in the
form of porosity. Thus equation (I) can be written:

log K = Vfs log Kfs + Vcr log Kcr + Vp Ioq KD (2)

The literature reports a dielectric constant of 3.78 for oure
clear fused silica at I010 cps. A value for the cristoballte phase has
not been obtained. It Is felt that It would be higher since crlstoballte
Is more dense than fused silica.

Over the narrow density range Involved, equation (1) Is closely
approximated by a straight line.

IKingery, Introduction to Ceramics, p. 720

229 A



-. -

3,0 EXPERIMENTAL PROGRAM

S3.1 Sempe Prepara•tin
& Samples of fused silica slip were cast Into rods or disks,

dried, and then fIred at 2200*F. for times ranging from 1-1/2 to 5 hours.
Test samples were then machined from these blanks by grindirg with dia-
mond tools using water cooling. Following machining, the samples were
-dried at 15000F, for I hour. The prepared samples were stored In sealed
plastic begs.

3.2 Dielectric Constant Tes- Method

"The shorted-line method of dielectric constant measurement In
a rectangular wave guide was used. Calibration with a 3.00 standard to
within 4 1% agreement w s maintained, Measurement techniques and equations
descrlbZl by von Hippel' were used* Correction for fIt In the wave guide
Wefe not felt to be required sIN*ce the fit was generally good to within
_0,001 Inch,

3.3 - -e3,3 •=s Characterization

The sample composition, density, and cristobal its constant were
measured, The density of each sample was accurately determined by measur-
Ing and weighing the rectangular test samples, The cristoballte content
of randomly selected samples of different densities was measured on a
General Electric XRD X-ray diffraction unit. The cristobalite contents
reported are relative, compared to the Georgia Tech A-IO standard,

3%4 Results

The dielectric constant versus bulk density data Is presented
In Figure I. It should be noted that the three lots of material tested
cover a considerable range of densities which are due to differences be-
tween lots In slip properties, as wel I as deliberate variations In the
slntering cycle.

The cristoballte content for randomly selected samples Is
compared to the density and dielectric constant data In Table I.

The Furillca-IO SCFS Is 99.6 - 99.7% Si02 while the Aero-
Ceram 50 Is 99.9% S102. The major Impurity Is A1203 .

4.0 DISCUSSION OF RESULTS

"The dielectric constant data In Figure I fits a straight line
reasonably well over the entire range. By Inspection, the line shown was
drawn through the points and its equation obtained as:

2von Hippel, A.R. Dielectric Materials Applicationsp Wiley 1954

also see - Handbook of Microwave Measurements, Chapter 9. Poly-
technic Institute of rooklyn, 1"9M
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KI 1 1.61Q + 0.183 (3)

1.61Q + 0.183

The Influences of the changes In purity and cristobalite con-
tent appear to be quite small and unnoticeable compared to the effect of
density.

The data suggest and practice has confirmed that It Is possible
to adjust the dielectric constant within limits over the range reported
by judicious selection of raw material and sintering schedule. Sel-ected
values have been reproduced as closely as + 0,03 with acceptable re-
jection rates, although + 0,05 Is a more reasonable tolerance fron a
manufacturing viewpoint.-

It should be noted that because of variations from batch to
batch of material that are difficult to control, close repulation of the
dielectric constant Is often obtained only at the expense of other oro-
perties (such as modulus of rupture).

5,0 CONCLUSIONS

5.1 The dielectric constant of SCFS is primarily a linear function
of the bulk density of the material and is not appreciably chanqed by
minor changes In ourity or cristobalite content.

5.2 The dielectric constant can be varied over a limited range as
desired and held within close tolerances.
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TABLE I

SELECTED CRISTOBALITE CONTENT DATA

Dielectric VolIume %
Samp Ie Density Conistant Cristobal It.

Furiltce-10, Lot 2 1,869 3,193 2o2
1,873 3.196 1.2
1.891 3,227 l.3
1.903 3.247 4.4
1.914 3,265 6.10
ý1,931 3,292 6.7

Aero-Cerwrg-50,, Lot 113 .943,335 0.2
1,968 3o350 4011
1,975 3,362 0.6
1.981 3,373 .4011
1.994 3,394 1.00
1*998 3.400 0.2
2.012 3,420 0.9
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ABSTRACT

Conmercial fused silica slips were evaluated according to a set of
characterization parameters which were formulated to provide a basis for
selection of fused silica slips for the fabrication of test radcmes under
Contract N00017-67-C-0053. This work on the characterization of the
commercial fused silica slips is presented as a special report to furnish
users and potential users of fused silica slip with a source for preparing
engineering specifications and/or for making comparisons to data generated
during the course of laboratory investigations or hardware fabrication
programs.

INTRODUCTION

The state-of-the-art of slip-cast fused silica (SCFS) hac advanced to
the stage where precision SCFS radcmps have been fabricated and have been
successfully flown on a Navy Misb'le. SCFS has also been successfully flown
as a portion of the cylindrical missile body which serves as the EM window
on an Air Force missile. These flights are considered most noteworthy, and
with their success, interest in utilizing SCFS for experimental and operational
hardware has accelerated among a .mnmber of organizations. However, the lack
of well defined process ccntrol parameters could result in the production by
some organizations having little or no previous background in SCFS, of SCFS
radomes and EM windows with inferior physical properties.

At the present timE there are three independent commercial sources which
supply fused silica slip. These slips often exhibit different characteristics
from batch to batch as well as between sources. Experience has indicated that
significantly different physical properties are obtained in the sintered SCFS
when the same processing parameters are used. Unlike most ceramics, the para-
meters of sintering time and temperature alone are not adequate to characterize
the processing of SCFS. Variances in the physical properties of SCFS are not
produced solely by the degree of sintering densification obtained during
processing. Rather, they result from a balance between sintering densification
and the degree of devitrification of the fused silica. Since the devitrification
rate of fused silica is so dependent upon such factors as impurity content,
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particle size, residual crystallinity, and furnace atmosphere, simple
processing controls such as sintering time and temperature can not solely
be used to obtain desired physical properties in a fabricated component.
Therefore, it soon became apparent during this program under Contract
N00017-67-C-0053 that there was a critical need to develop the technology
which could be used to assist in developing reliability in the production
of SCFS flight hardware from one organization to another. Three areas which
were considered and which were investigated to provide this technologr were:
(1) characterization of commercially available fused silica slips, (2) defini-
tion of time-temperature-thickness relationships for uniform sintering, and
(3) determination of the influence of grinding on the particle distribution,
time-temperature-cristobalie behavior and the physical properties c0 slip-
cast bodies. This report covers the work in the area of commercial fused
silica slip characterization.

EXlIMMU ACCOMMIWMMTS

The need for establishing the property data which would allow a decision
to be made on the suitability of a given fused silica slip for the production
of flight hardware has been recognized for ma=7 years. In earlier work, a
rniber of tests had been used, but allowable limits had not been established,
and fused silica slip acceptability had been determined more or less by trial.
To impr-ve this situation, parameters were established which implement the
characterization of fused silica slips. These are presented in Table I.
The fused silica slips that were required under this and other research
programs at Georgia Tech during 1967 were evaluated according to these measure-
ments. Also, other fused silica slip samples were obtained from the manufac-
turers and examined using these measurement techniques. The measured data
are shown in Table II and in Figures 1 through 4.

As histories were compiled, a pattern began to develop which, on the
basis of two measurements, appeared to allow a decision to be reached
concerning the suitability of a particular fused silica slip for the fabri-
cation of hardware. These measurements were: (1) cristobalite content in
3/4-inch diameter specimens after sintering for 3-1/3 hours at 2200" F, and
(2) apparent viscosity as a function of spindle speed (using the Brookfield
Viscometer with a number 2 spindle). It was found that this approach was not
entirely satisfactory because some fused silica slips were not stable (even
though the viscosity was in a certain range) and had a high tendency towards
particle sedimentation. - This is strongly influenced by the weight per cent
solids but is not well defined Aince the rheology is controlled by a balance
between pH, per cent solids and particle size distribution. For example,
slip number 13 settled excessively as shown in Figure 5; the pH and per cent
solids are within acceptable bounds. This settling manifests itself as"* "thLck" sediment in containers during the casting operation as "thick"
sediment in the mold cavity (this, however, can be compensated for in a
somewhat unsatisfactory manner by allowing the sediment to build-up on a
surface not having any function in the formation of the hardware, i.e . on
the closure plate of a radome mold by casting with the radome tip "up") and
as "plugged" delivery lines (sediment in some cases completely filled de? W.very
lines terminating the casting operation). It was clear that a simple test to
observe the settling was necessary as a third observation on the fused silica
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TABLE I

PARAMETERS USE TO RACTERIZE FUSE SILICA SLIP

Parameter Method of Measurement

pH Line voltage pH meter

Weight per cent solids Weight "iss (volatiles) at,

350 F

Particle size distribution (mass and Coulter Countez _/
count bases)

Apparent viscosity Brookfield Synchro-Lectric
Model LVF Viscometer

Residual crystalline phases X-ray diffraction 4/

Impurities Spectrographic analysis

Cristobalite content in slip-cast, 3/4l- X-ray diffraction _/
inch diameter test bars vs time at
2200* F

Young's modulus of slip-cast, 3/4-inch Sonic "
diameter test bars vs time at 22000 F

Modulus of rupture of slip-cast, 3/4- Four point, quarter point
inch diameter test bars after sintering loading _/
for 3-1/3 hours at 22000 F

Young's modulus of slip-cast, 3/4-inch Sonic •/
diameter test bars after sintering for
3-1/3 hours at 22000 F 4

Cristobalite content of slip-cast, 3/4- X-ray diffraction _/
inch diameter test bars after sintering
for 3-1/3 hours at 22000 F

Porosity, bulk density and theoretical Air displacement •/ 4
density of slip-cast, 3/4-inch diameter
test bars after sintering for 3-1/3
hours at 2200a F
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TAM, 1I (Contiued)

CARAcTKIZATmION DATA ON P=JSD SILICJ, SLIPS

Values for Slip Number A

Waffurement 13 14 15

5.1 5.7 3.8
Weight Per Cent Solids 82.0 82.3 83.8

Particle Size Distributions Figures 1 Figures 1 Figures 1
and 2 and 2 and 2!

Apparent Viscosityzl) in
Centipoise at -

60 rpm 108 175 132
30rpm 100 135 138
12 rpm 140 135 160
6 n 200 140 170

Residual Crystalline Phases None None Nme
(other than cristobalite)

Residual Cristobalite 0.5 0.6
(Voblme Per Cent)

. Spectrogra-phi Analysis
Parts per million of -

S2-5 2-5 10-50 (n.d.)
Fe 5-20 5-20 20-50 (n.d.
Al n.d. 2-10 2-200 (2-10)
Ti < 10 ' 10 n.d. (n.d.

n.d. n.do 5-50 (n.d.

Cristobali.,- Co ,itJ.t v-
Time at 21a --- Figure 3 Figure 3

Elastic Mc40zt vrR Time --- Figure 4 Figure 4
at 2200' •

Modulus of i. re -41 4 322 + 453 2369 + 218(4)
sintered for 3-1/3 hours
at 2200 ;T (lb/in2 )

iNE: n.d. -m not detected.

(1)basd with Brookfield Syncbro-Letric Model LVF using No. 2 spindle.

(2)Confidence Interval at 95 per cent level based on ten specimens.

(4)Sintered for 15 hours at 2200' F.

(Continued)
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TABLE II (Concluded)

CHARACTERIZAION DATEA ON FUSED SILICA ZJP

i~iesxirmentValues for Slip Num~ber

Measurement_______13 14 152....

Elastic Modulus vs Time -- Figu~re 4 Figure 4+
at 22000 F

Modulus of Rnpture - 4+301 + 564 (2) 3252 + 1453 2369 2'84

at 2200& F (lb/in2 )

Elastic Modulus - 4.24 + 0.09 3.44e 0.38 8.45 f .5+ 4
sintered for 3-1/2 hours
at 22000 F (106i lb/in2 )

Other Pro~perties - sintered
for 3-1/3 hours at 22000F

a. Porosity (Vol~ume Per -- 12.87 :t 0.25(2) 10.08 + 0.04

b. Bulk Density (gm/cc) --- 1.901 + 0.004(?) 1.987 + 0.009

c. Theoretical Density - 2.207 0-007~(2) 2.210 + 0.018
(gin/cc)

Cristobalite Content - 8.8 +1.0
sintered for 3-1/3 hours
at 22000 F

(2)~ofdneItra t9 e en ee ae ntnseies

~~Confidence Interval at 95 per cent level based on thren dpetiermnatins

~4Sintered for 15 hours at 22000 F.
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Numbers in parentheses refer to
8 slip numbers In Table I1.

7

6

4(14)

o ~(12)

NOTE: Multiply time scale by four
for slip number 15.2 _

0I 2 3 4 5 6TIME (Hours)I

Figure :. Young's Modulus Vs Sintering Time at 2200f F.
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slip under consideration. For this test, one liter graduated cylinders were
satisfactory and a procedure was adopted which provides a representation of
slip stability by direct measurement of settling amount as a function of time
(or perhaps, as more data is acquired, a simple, one-time measurement will
be satisfactory; 6 hours should be sufficient). Measurements of settling
were made on three fused silica slipq (Figure 5).

Using the three measurements stated above as indicators is thought to
be satisfactory for making a decision on the suitability for purchase of a
particular fused silica slip and for the fabrication of hardware. The three
measurements do not, however, provide a complete and sufficient characteriza-
tion of the fused silica slip. It is strongly recommended that, for any fused
silica slip used for hardware fabrication, a charact'erization at least to the
extent of the measurements listed in Table I should be accomplished, including
settling measurements, so that any question of acceptability could be examined
for merit. in the detailed characterization, observations of the particle(s)
.size-shape should be made using light and electron microscopy to obtain a
measure of the particle shape factor for computation of specific surface
area using the particle size distribution data. An electron micrograph
showing the typical particulate character of slip number 5 is presented in
Figure 6. From this figure, and others, an estimate was made of the shape
factor, i.e. the ratio of the true surface area to the area of a sphere having
the same volume. The value was determined to be 3.3 which, when used to.
determine the specific surface area of the particles making up slip number 5,
gave a value of 5.8 square meters per gram. This agrees well with the measure-
ments reported by Fleming for dried fused silica slip 6

From the overall viewpoint, the ch~aracterization of the fused silica
slips reported herein is thought to be very revealing, particularly as the
characterization relates to the effective use and selection of commercial
fused silica slips. The processing of the slip-cast fused silica is also
demonstrated to be very importantly related to the behavioral characteristics
illustrated by the aggregate data. For example, those slips having cristo-
balite growth vs sintering time Rt 22000 F curves below the dotted line in
Figure 3 meet the criteria of less than 15 v/o cristobalite after 3-1/3
hours (nos. 2,3,4,5,9,10,14, and 15). Examination of the data in Figure 4
shows that test bars from each of these slips exhibited "plateeus" in their
Young's modulus vs sintering time at 22000 F behavior, suggesting that
processing time control wuvt'd be easily accomplished. From these data, the
correct time for sinterIng at 22000 F can be estimated since the failure strain

NOTE: For these measurements, less than 15 v/o cristobalite after 3-1/3
hours at 2200 F, a viscosity of 120 + 35 centipoise and a sediment thickness
of less than 2 ma in 6 hours are considered satisfacfactory.

"N*NOTE: As determined by B.E.T. low temperature nitrogen adsorption,

Fleming reported a value of 5.4 square meters per gram Zor dried fused silica
slip and a value of 5.2 square meters per gram for slip-cast and dried material.
Values for sintered slip-cast fused silica are also reported.
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is almost a constant value. That is, from the data of Figur2 L, a sintering
time of 3-1/3 hours appears reasonable for hardware fabricat• from slips
numbers 3, 4, 5, 10 and 11 (in view of the fact that the maximum modulus
occurs at this time5.\, That this may be almost the case is d~mnstrated by the
data in Table II. For numbers 4, 5, 10, and U1, the calculated critical
failure strain* of sintered test bars is almost constant, rangng from a low
of 0.92 x 10-3 in/in to a high of 1.09 x lo-3 in/in. However, in the case
of the test bars from slip number 3, the critical failure strain was
0.72 x 10-3 in/in; a low value compared to the others. Examination of the
data for the remaining slips, excluding number 15, shows values of the critical
failure strain from a low of 0.94 x 10-3 in/in to a high of 1.33 x i0-3 in/in
for a sintering time of 3-1/3 hours at 22000 F and 0.28 x 10-3 in/in for
number 15 for a sintering time of 15 hours** (the time which appears to give
a maximum Young's Modulus). Therefore, with numbers 3 and 15 excluded, the
selection of processing time from the determination of Young's Modulus as a
function of sintering time, is quite reasonable. From experience, a sintering
time slightly less than the tine of maximum modulus is necessary; the order of
10 to 15 per cent less. Further study may show that the optimum sintering time
may occur at the poirnt where the slope of the Young's Modulus vs sintering
curve is near a value of one. This remains to be demonstrated, however.

Up to this point the discussion has emphasized the behav.or as associated
with measured viscosities, settling rates, and cristobalite growths, since
these are most important in relation to purchase acceptability of the fused
silica slip and to the processing of hardware fabricated from fused silica B
slips. On a more basic level, many questions arise with regard to why there
were wide differences in behavior from one batch of fused Lilica slip to
another batch. Questions such as (1) why did the maximum Yorng's Modulus of
the sintered material vary from a low of about 3.5 x 106 psi (slip no. 10) to
a high of about 8.0 x 106 psi (slip no. 15), (2) why did the average cristo-
balite growth rate vary from a low of approximately 0.25 per cent per hour
(slip no. 15) to a high of 30 per cent per hour (slip no. 8), (3) whY did the
mean particle size on a mass basis vary from a low of 5 microns (slip no. 9)

to a high of 20 microns (slip no. 13), (4) why should the viscosity show a
strong increase with increasing shearing rate in one case (slip no. 1) and a
sharp decrease with increasing shearing rate in another case (slip no. 3),
and (5) why should there be evidence of crystalline phases other than

cristobalite in some slips (nos. 3 and 6) and not in others (nos. 1,2,4,5,9,
10,11,12,14, and 15)?

The answers to these questions are evident in some cases and not in
others. They are intimately interrelated in the overall characterization

Critical failure strain is estimated from the simple Hookean relationship,
a= Ee where a = failure stress, E = Young's Modulus, and = the critical
failure strain.

*IA
This is an extremely Low calculated critical strain, as compared to the

nominal value of 1 x l0--J in/in for sintered slip-cast fused silica. This
may be due to a very high cristobalite concentration on the surface of the
specimens which results in a low failure stress level.
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and are, in some cases, dependent on a single factor not accounted for during
the mamifacturing process. For example, the occurrence of crystalline phases
other than cristobalite is apparently due to insufficient fusion of the
starting quartz and/or incomplete separation of the fused material from
lirnfused material during subsequent processing. The viscosity of a given
slip is affected by P1 (the measure of hydrogen ion activity, which is
associated with the adsorbed species on the surface of the particles; the
region associated with the chemically attached ions is referred to as the
micellous region) and the effect is associated .ith the distribution of
particle sizes making up the slip. Unfortunately, from the data in Table II
and in Figures 1 and 2 a correlation is not evident and thus no conclusion can
be arrived at which would provide a plausible explanation for the viscosity
variation in slips numbers 1 and 3 (neither of these slips was used for the
fabrication of hardware under this or anr other program). Attempts to
correlate the cristobalite formation with impurity levels in the dried slip
was fruitless. The cristobalite growth behavior could not be related to the
individual impurity level or to total impurity levels. Also, as shown by the
"re-runs" on slips number3 4, 5, 12, and 15 (values in parentheses in Table II),
the spectrographic analyses are not absolute since the impurity levels between
determinations varied by more than an order of magnitude. This is probably due
to a "sampling problem" since from a theoretical viewpoint the impurity content
of a single particle could cause large differences between determinations*.

The variation in cristobalite growth rates exhibited by the fused silica
slips examined is large; two orders of magnitude between the lowest rate and
the highest rate". It is apparent that such differences are not acceptable
for routine purchase and use of fused silica slips and careful measurements
of the cristobalite growth should be conducted on any slip used for hardware
fabrication since the optirmn ultimate strength and the porosity are so
strongly related to the cristobalite growth during sintering.

The advantage to be gained by low cristobalite growth rate is demonstrated
by the data in Table 7I for slip number 15. The high value of Young's Modulus,
8.45 x 106 psi, and the low porosity, 10.08 per cent, make this fused silica
slip appear attractive for hardware fabrication. At the present time, however,
this fused silica slip is not available. A representative of the manufacturer
has stated that the company would quote on fabricated items using this slip.
The reported strength data in Table II for sintered test bars of slip number 15
is not considered to be indicative of the strength level that is possible by
increased densification. The low apparent strength of the sintered test bars,
2369 psi, is, as stated earlier, thought to be the result of a surface condition

.associated with high cristobalite concentrations at the surface (the result of
mold contamination) since machining the surface with diamond tooling will
increase the mean strength and, if the surface is polished, the strength will
be increased to 6000 to 7000 psi. Further work with high-density sintered slip-
cast fused silica is to be eccomp.l.ished to determine the effect of surface
condition on the strength _/.

*Spectrographic analysis is performed on a small sample of dried slip.

"*This is the extreme variation. Excluding slip number 15, which is stated
to be a special aerospace grade, the difference is one order of magnitude.
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From the histories presented here, a composite "picture" vfa "satis-
factory" standard commercial fused silica slip could be created. Such a slip
would have the "best" features of a zummber of the fused silica slips invest'i-
gated in this work. The composite fused silica slip characterized by such an
approach, however, would at this time present a formidable objective for the
manufacturers of fused silica slip. In fact, it is doubtful that an "ideal" i
or a "composite" fused silica slip is necessary, although having consistent
target goals during manufacture is desirable. ii

As it stands at the present time, the selection of a comnercial fused
silica slip for hardware fabrication is based on measurements to provide
information concerning the slip stability (settling behavior and apparent
viscosity), devitrification rate (cristobalite growth in test bars sintered
at 22000 F for 3-1/3 hours) and strenjth (Modulus of Rupture and Young's
Modulus of test bars sintered at 2200 F for 3-1/3 hours). These measurements
serve the purpose of establishing whether the particular batch of slip should
be purchased; a complete characterization is accomplished on slips after they
have been purchased. The manufacturers of the fused silica slips cooperate
with this approach by furnishing a sample of fused silica slip from a particular
production lot and agree to hold a sufficiently large quantity of that batch of
fused silica slip until the initial measurements can be accomplished, usually
two to three days. That this is not the most efficient method is obvious, 'A
and the implementation of tests of a similar or identical nature on each
batch of slip provided and certification of the results by the wnufacturers3
of the fused silica slips will be necessary in the future.

Bounds which describe the acceptable range of values for each parameter
and which probably apply tr .-.re than 90 per cent of the acceptable standard 4
conmercial fused silica sli] s can be abstracted from the data on the fused
silica slips examined in thi work. Such a treatment of the data is as follows:

Heasurement Range of Valnes

pH 4.0 to 5.4

Particle Size Distribution Normal grindirg mill comnimition to a
mean diameter of 7 to Ul microns as
determined by Coulter Countpip on
mass basis.

Apparent Viscosity 90 to i40 centipoise

Residual Crystalline Phases - None
other than Cristobalite

Residual Cristobalite 0 to 1 volume per cent

Spectrographic Analysis < 1000 ppm total impurities

Cristobalite vs Time at' < 15 v/o after 3-1/3 hours
22000 F
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-asurement Range of Values

Elastic Modulus vs Time at Broad range, nearly constant between
S200* 1 1-1/2 and 5 hours sintering time t

2200" F; range of values 3.5 x N0 ps8
to 5.5 x lo psi.

Modulus of Rupture 3000 psi to 5000 psi after sintering
for 3-1/3 hours at 2200° F; critical
strain 1 x i0-3 in/in.

Other Properties- Sintered
for 3-1/3 hours at 2200" F

a. Porosity 11.0 to 14.0 per cent

b. ulzk Density 1.9 to 2.0 gm/cc

c. Theoretical 2.20 to 2.22 gm/cc

This summary of property values and ranges is presented to serve as a guide
In the preparation of engineering specifications on fused silica slips. It
is expected that the majority of the fused silica slips that have properties
which are within these bounds will be acceptable for hardware fabrication.

CO!CLUSIIONS

This work demonstrates the necessity of imposing specifications on the
cczmercial fused silica slips used for aerospace hardware fabrication.
Particular importance has been given to identifying the least number of
measurements required to assure the suitability of a particular batch of
fused silica slip for the production of hardware and bounds have been placed
on the values arrived at from the measurements. Further, the ranges of
property values for fifteen commercial fused silica slips and for sintered
test specimens fabricated from the slips have been identified. From this
work, it is apparent at this time that preliminary measurements should be
accomplished on a sample from a particular batch of fused silica slip prior
to purchasing the slip for hardware fabrication, or, arrangements should be
made to return the slip to the vendor if it does not meet certain criteria.
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ABSTRACT

Development of low and high density, high strength, silica components for
construction of A-sandwich radomes is described. Design goals for mater-1821z
in this application are discussed. Techniques are described for forminE low
density structures by slip-casting of honeycomb structures and foaming of ul*ra-
high purity amorphous silica. High density structures were slip-cast frrmn n,
high-purity slip prepared by consolidation and ball milling of Cab-O-Si!14, a
synthetic, colloidal silica. After sintering, densities of 98 per cent of
theoretical and elastic moduli of 9 x 106 psi were achieved. The new materiels
significantly improve the performance capabilities of fused silica A-sandwich
radorme stractures.

4
INfTRODUCTION

One method of achieving broadbandedness in a ceramic radome is the A-
sandwich concept. A fused silica A-sandwich radome has the advantage over a
monolithic slip-cast fused silica radome of a greater transmission efficiency
over a wide frequency range. However, it has not oeen possible, using commer-
cially available fused silica slips and foai;s prepared from arc fused quartz
sand' to pe'oduce an A-sandwich radome having lower weight and greater strength
than a monolithic radome having the same size and design center frequency.
Previous work under U. S. Air Force Contract AF 33(615)-3445 on developing A-
sandwich radomes from commercial fused silica foams and fused silica slips
indicated that the strength of the skins would have to be doubled and the
strength of the core increased by a factor of four to bring the mechanical
perfcrmance up to that attainable with current state-of-the-art monolithic
structures.

The tensile strength of transparent fused silica exceeds that of commercial
slip-cast fused silica by a factor of 3 to 3.5. The Young's modulus of trans-
parent fused silica is of the order of 2.5 times that of slip-cast fused silica. J
The density of corziercial slip-cast fused silica is only 85 per cent of that
of transparent fused silica.

The reasons for the slip-cas' material's lower modulus, strength, and
density are found in the sintering process. The formation of the crystalline
phase cristcbalite inhibits the continaal sintering of the body. Because of
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the voliume expansion on inversion of the cristobalite, the amount o cs
"balite that can be tolerated without causing, thermal shock probleirs is of the

* order of 10 volume per cent. Th3 maximum strength and modulus of a body cast
from conmnercial fused silica is usually achieved at this level of cristobalite.
Higher levels of cristobalite result in mirrocracking of the body and a resultirng
decline in the mechanical properties.

The rate of formation of cristobalite at sintering temperatuires is markedly
imfluenced by imiourities in the silica; particularly by alkali irpurities. If
the impurity content of the silica is reduced, longer sintering times and/or
higher sinterIng temperatures can be u~ed to produce higher density and
stronger slip-cast fused silica bodies. Other approaches such as the incorpooa-
tion of fibers, either continiuous or discontinuous, into the silica body can be
used to increase the strength of slip-cast fused silica but it is the intent
of this paper only to discuss radorues developed from high purity silicas.

ERII1ENTAL PROGRAM

C_ The experimental program to develop high purity slip-cast fused silica A-
sandwich radomes was divided into two phases: (1) the development of high-
density, high strength structures for use as the ^ .'... ch s•• ins, and (2) the
development of low-density, high strength structurez for use as the A-sandwich
core. In both cases initial work was conducted on material development.

1. Yethods of Obtaining Materials for Production of High Purity Fused
Silica Slips

Two primary sources of high purity fased silica materials were
considered.

a. Pure amorphous silica produced by the steam pyrolysis of
silicon tetrachloride (synthetic silica).

b. lused silica produced from very pure quartz deposits such
as the material used in production of high quality trans-
parent fused silica components.

Several sources of high purity amorphous silica materials are available
which originate from the bteam pyrolysis of silicon tetrachloride. One source
provides these pure materials in a wide range of particle size distributions.
Unfortunately, however, the present price of these materials are in excess
of thirty dollars per pound. Another source of high purity amorphous silica
material, prices its product at approximately eighty cents per pound, and
this product is manufactured in quantities on the order of 5 to 10 million
pounds per year. However, it is an extremely finely divided material which
is essentially a monofraction with a mean particle diameter of 0.012 micron.
The particles are essentially spherical and form sponge' like (porous) agglom-
erates. Total impurities found in this material by s~ectrographic analysis
were of the order of 27 parts per million. This is an order of magnitude less
than the impurity level in coon commercial fused silica slips.
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In order to use this material in a casting s'lip it is necessary to have
l log-normal particle size distribu'ion ranging downward from 50 microns. To

obtain such a distribut ,'c the finely divided powder must be consolidated
into particles about 0.1-inch in diameter and then wet ball milled to the
proper size distribution.

Seven different methods were considered for densiffying and coalescing
the material to ,obtain larger particle diameters but, only two of these
methods met with any degree of success. These were:

a. Diy pressing and subsequent sintering

b. Extrusion from a water paste with subsequent sintering.

The dry pressing operation was conducted by placing the finely divided
powder in plastic bags to avoid contamination. The bags were then loaded in
steel dies and pressed to about 3200 psig. After pressing the plastic bag
was stripped away ana the silica recovered in thin sheets or laliae, one to
two millimeters in thickness. The laminations occurred because of entrapped
air in the pressing operation. The pressed material was dried at low tempera-
ture to remove mechanical water and then fired at 22600 1 for 3-1/2 hours.
The resulting mill feed was in the form of translucent platelets, approaching
theoretical density. These platelets typically have a cristobalite level of
O.O to 0.6 v/o.

Extrusion of a silica "spaghetti" is the second method wh'.ci can produce
a satisfactory ball mill feed. Considerable ,-ffort was devoted io development
of this method because it offers the possibility of being readily scaled up to
quantity production. The optimum composition of the extrusion mixture was
found to be 30 w/o of the finely divided silica and 70 w/o distilled water.
No wetting &gents or other adulterants were used, since high purity of the
extruded mixture was a major objective. Test quantities of "spaghetti" were
dried, then fired at 22000 F for 3-1/3 hours to actiieve densification. The
resulting mill feed was in the form of short cylinders, about one millimeter
in diameter, very much like rice in appearance. Typical cristobalite content
of this material after firing was O.0 to 0.6 v/o.

Materials that are suitable for comminution by ball milling to fused
silica slips can be produced by both the extrusion and dry pressing methods.
Both processes can be scaled up to pilot quantity and ultimately to production
quantity levels without prohibitive expense and difficulty.

Experimental quantities of high purity fused silica slip were made by
grinding the feed in one gallon ball mills. The mill and grinding media were
usually 99.6 per cent alumina. Alumina has a higher hardness than cornventional
avoid contaminating the slip with crystalline silica abraded from the mill

and balls.

Five experimental batches of high purity silica slip were prepared from
dry pressed and fired mill feed and characterization studies were conducted.
The first three experimental slips were ground in alumina mills. These slips
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were intended to define a suitable grinding time and to demonstrate that slips
with satisfactory reproducibility could be made. Grinding times of 18, 24,
amd 27 hours were used. The slips had properties similar to conventional fused
silica slips and could be cast bi convertional technique, without difficulty.
Pertinent properties are shown in Table I, along with those of a good batch
of commercial fused silica slip.

Experimental Slip No. 4 was prepared in a mallite ball mill., but otherwiseSwas similar to those just described. The slip obtained bad the expected

particle size, viscosity, and pH characteristics. The devitrification rate of
slip ground in the nullite mill was found to be somewhat higher than for slip
ground in high-alumina mills. This effect was expected since the less tough
mullite mill should wear more than the alumina mill and thereby yield some
contamination of the slip. Since large batches of silica slip are generally
ground in mullite mills, Sli.p No. 4 was intended to determine whether significant
deterioration in fired properties w:ould .result from such grinding.

A second material obtained from the same commercial source was identical
to the previous finely divided amorphous silica except that it had been
partially agglomerated to a bulk density of about twice that of the original
material. A slip was prepared from this material and designated Slip No. 5.
All other factors being the same, the second material would be preferred
because its higher bulk density facilitates consolidation into mill feed.

Particle size distributions on a mass basis are shown in Figure 1. In
these and subsequent figures, data representing the aforementioned commercial
fuseO silica slip are shown for comparison. Details of the particle measure-
rent tecmnique have been described elsewhere l/.

Firing studies were conducted on the experimental slips. In these studies
two 3/4-inch diameter bars were cast from each slip and dried. The bars were

ireu Age••iex in an electric furnace at 22030 F f(; 2 hours; then vlu-_c Ier
cent cristobalite, and modulus of elasticity were measured. The bars were
then fired under the same conditions for another increment of time, and the

measurements repeated. This procedure was carried on until the bars broke up
from excessive devitrification, and yielded an extensive body of data as a
function of firing time at 2200* F. This temperature is used in most fused
silica firing studies at Georgia Tech because it gives a convenient cotapromise
between a fast sintering rate and adequate conurol. These data are shown in
Figures 2 and 3 for the experimenta-l slips and the commercial fused silica
slip mentioned previously.

The elastic modulus versus sintering time at 22000 F shown ii Figure 3 was
measured by a sonic technique ?/. The elastic modulus curve for the commercial
fused silica slip is typical of a large number of conventional slips investi-
gated by this method. The experimental slips reached a maximum elastic modulus
of about 8 to 9.6 million psi, higher by a factor of two or more than conven-
tional slips. Slip No. 5 showed exceptionally low rates of sintering and
cristobalite formation. After 60 hours of firing at 22000 F, its elastic
modulus reached a value of 7.7 x 106 psi at a cristobalite content of only 4
per cent. The peaks are rather broad so that further impovement might 6e

achieved by adjustment of sintering temperature.
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TAPLE T

PROPERTIES OF SEVERAL. FUSED SILICA SLIPS

Apparent Per Cent Grinding Residutal
Sli_ pH Viscosity Solids Tin Cristobalite

(Cp) /,-" (v/o)

1 3.75 121 79.3 o0-.6*

2 3.86 110 80.1 24 0-0.6

3 4.05 105 77.8 24 0-0.6

4 4.1o 74 77.6 18 O-O.6

5 3.70 -L59 71i8 18 0-0.6

6 6.80 81 80.7 --- 0

7 3.80 132 83.8 --- 0-0.6
561-B + 4.50 1l4 83.1 -- 1.5-2.0o

+

Cristobalite content of mill feed.

Feed prepared from synthetic silica powder and ground in mullite mill.

***Feed prepared from higher density synthetic silica powder and ground in
alumina mill.

High-Purity Fused Silica Cullet ground in alumina mill.

Proprietary Commercial High-Purity Slip.

+Common Commercial Slip.
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The second retaod cf precaring high-puxftly silica slips is to start with
a high purity ftsed silica prepared f-cm pure Brazilian quartz crystals.
This material is purchased as glass cullet from a manufacturer of lamp glass
and is cleaned by leach-irg in hydrochloric acid before milling in high al=mina
babll mills. The slips prepared from this material were evaluated in the same
manner as the previou: slips and the data obtaine'! are shcwn in Figures 2 and 3.
This miterJ: 'L labeled 6 in the figures compares favorably with the slips using
the finely a-vided synthetic starting material.

A third material was obtained from a commiercial vendor who makes a
specialty high-purit- fusa3 silica slip for fabrication of high quality fused
silica parts. This slip is not markated by the 'vendor but the vendor will
fabricate Nrwad silica parts from the material on order. The properties of
this slip are also included in Fi•yares 2 and 3 for comparison of prcrerties
with the high-purity fused silica slips prepared at Georgia Tech. These
curves are labeled 7 and compare 'ell with the other materials. The method
of preparing this high-parity ftused silica slip is proprietary with the company
manufa~cturing it.

2. Preparation of Dense Skins for Fused Silica A-Sandwich Radomes

From the data in Figure 1, slips 2, 4, 5, 6, and 7 along with the
ccmrzia2 .IJ4 l ael~d 3(l-B should be satisfactory for slip-casting tnxi

sections of fused silica. Slips 1 and 3 were cvtrground and are too fine;
excessive shrinkage and cracking problems would occur using these slips.
Slips 6 and 7 were actually selected because of the availability of material.
The skins can be prepared by slip-casting alone to the required thickness for
skins between 50 and 100 mils. However, the preferred method is to slip-cast
some thickness over 100 mils then to machine by grinding with diamond tooling
to the final thickness.

3. Preparation of Foamed Cores for Fused Silica A-Sandwich Radomes

A foam was prepared from slip number 6 using the following procedure.

(1) Foam Formulation:

1000 cc of fused silica slip
35 cc of 1.5 N hydrochloric acid

12.5 cc water
12.5 cc non-ionic detergent

(2) Foaming Procedure:

The water and acid were added with slow mixing.
The detergent was added and high speed agitation
provided with an electric mixer. The resultant
foam was dried in a paper mold and fired for 6 hours
at 2200 F. The resultant foam had an approximate
density of 25 lb/ft3.
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I

*;:.is streng-h, specimens were fired at 22000 F at
'_,i. intervals of 2 hours. After each interval, measurements were made

,_r ela'si.? mcdulus, bulk :_..ity, and cristobalite content. Over the 41 hour
firing cycle bulk density -:f fhe foam increased from 23 to 27.5 pounds per
cubic foot. Plots of cristob,-lite content vc --us firing time and elastic
modulus versus firing time are shown ir Figure h. Data for a conventional
coTMrercial foam ar- ilso included for comparative pn'poses.

A second foam sample was prepared from slip No. 7. The same foaring
procedure as described for the nominally 25 lb/ft3 foa was used except beating
time was shorter, thereby producing a foam of nominaLVy 45 b/fi;3 density.
This foam was fired ii.tially for 10 hours t"he in 14 hour increments for a
total of 78 hours. Plots of cristobalite content verzu, "'irin6 time and
elastic modulus versus firixs time are shown in Figulre 5. Again the values'
for a cormercial foam of the same nomina! density have been included for
comparative purposes. A comparison of the properties of the high purity
and commnercial foams in Figures 4 and 5 shows the improvement achieved ii•
elastic modulus with the higher purity foam-. Although it is possible to
achieve an elastic modulus in the comnercial foams equivalent fo that
achi'evec" in the high purity foams, the sintering tire where this maximum
modulus .s achieved is very short and the elastic modulus drops rapidly with
increasing time at temperature.

Foam of this type are zast roughly to shape and givwn final shape by
machining. The A-sandwvich 2adomes are then assembled using a fused silica
cement which upon reheating piovides a strong adhesive bond.

4. Other Core Materials

The use of a honeycomb cast structure rather than a foam has been
considered briefly. The honeycomb or oriented pore structure is attractive
because of the much higher strengths and better control of dielectric properties
that can be obtained with oriented pore structures. Honeycomb fused silica
planar sections are relatively easy to fabricate by slip-casting. An example
is shown in Figure 6. However, to fabricate radome core sections with changing
orientation of pores along the length of the core is a much more difficult
problem and is beyond the scope of the precent study.,

CONCUJSIONS

In both conventirnal and high-purity slip-cast fused silicas, the elastic
modulus reaches a maximum at a cristobalite content of about 5 to U1 volume
per cent. The high-purity silicas reach a maximum elastic modulus about twice
that of conventional slip-cast silica, however. If the surface effects which
ordinarily control strength measurements in brittle materials are temporarily 1

disregarded, elastic modulus can be considered roughly analogo;us to strength.
Tlris it is observed that considerable improvement in physical properties can
be achieved by reducing the level of impurities in' silica slips; these improved
properties are believed to result from suppression of the nucleation and growth
of cristobalite during sintering of the cast bodies.
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After castirg, the "green" bodies are fired at high temperatures (typically
22000 F) to fuse together particles in the packed structure. This oreraticn
develops strength ly joining many small particles into a continuous piace,
with a resulting decrease in porosity. However, cristobalite, a crystalline
phase of silica, forms sinultaneously at sintering temperatures, and upon
Scoolir the cristobalite shrinks and causes microcracked flaws in the str cture.
Thus, Lne suppression of cristobalite growth reduces microcracking and the loss
of strength associat'ed with it. High-purity slips can be sintered nuch longer
before reaching a particular cristobalite content, so that more complete
sintering occurs with these slips before the detrimental effects of cristobalite
become important.

The molecular structure of vitreous silica is still the subject of debate,
but is probably very similar to most of the crystalline phases of silica 3/.
That is, The basic structural unit consists of four oxygen atoms located at
the corners of an imaginary tetrahedzon, with a silicon atom at the center of
the tetrahedron. The important difference between the vitreous and crystalline
sates is the orientation of the tetrahedra in space; vitreous silica is a
continuous network of interconnected silicon and oxygen atoms, but lacks the
ppi.allel planes of similar atoms which characterize a crystal. Interatomic
dihtances ma-- be expected to fluctuat- ov-r wider rareZs than are found in
crystalline phases also, but the vitreous and crystalline structures are

The devitrification of vitreous silica during sintering begins with
nucleation, or the assembly of two or more SiO4 tetrahedra into an orderly
unit which cau continue to grow by addition of similar units, forming a
stable crystalline pnase. At sintering temperatures, this crystallization
process, in which cristobalite is the stable phase, will proceed until no
vitreous rilica rea-ins if given sufficient time. Its speed is increased by
increasing tewperature and the presence of certain foreign materials, especially
alkali metals end water vapor. Whether these foreign materials promote micle-
ution or catalyze crystallization after it starts is not yet understood. How-
ever, the substantial reduction in impurity level achieved in this study has
been shown to lead to dramatically improved properties in slip-cast fused
silica strtuctural components.
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